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ABSTRACT 
The advent of self-powered functional smart garments has given rise to a demand for 
wearable energy storage devices since traditional energy storage devices are too 
bulky, rigid and heavy to be seamlessly integrated into textile structures. 
Supercapacitors which can be fabricated using non-toxic electrode materials and 
non-flammable electrolyte have been of interest for smart garments. Smart garments 
should operate well under mechanical deformation, such as bending, twisting, and 
even stretching. Wearable supercapacitors are expected to maintain high 
performance under such conditions.  
Carbon based supercapacitors show high power but low specific capacitance due to 
the non-Faradaic charge storage mechanism. Metal oxides/hydroxides possess high 
pseudo-capacitance. However, their conductivity is not ideal. Conducting polymers 
have drawn great attention for wearable supercapacitor application, due to their high 
redox capacitance, high conductivity, low cost, ease of fabrication, and most 
importantly, inherent highly flexible nature. Polypyrrole (PPy) has been extensively 
developed for flexible electrodes because of its outstanding flexibility and high 
conductivity. It is chosen as the target active material to fabricate wearable 
supercapacitors in this thesis. 
Garments are hierarchical structures composed of up to 3 levels: fibre, yarn and 
fabric. So wearable supercapacitors are generally designed based on the level of 
integration in the garment, including planar supercapacitors that can be attached on 
the surface of garments; textile supercapacitors built on the existing fabric structures, 
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or woven or non-woven using active fibres; and linear fibre shaped supercapacitors 
that can be woven or knitted into fabrics, or stitched into the existing textiles. These 
three types of wearable supercapacitors using PPy as active material are developed in 
this thesis. 
Firstly, a stretchable solid-state supercapacitor was fabricated using highly 
stretchable poly(vinyl alcohol) (PVA)-H3PO4 polymer electrolyte and buckled PPy 
electrodes. The stretchable polymer electrolyte was obtained by optimizing the 
molecular weight of PVA and its weight ratio to H3PO4. The ionic conductivity and 
mechanical properties of the polymer electrolyte were systemically investigated. The 
buckled PPy electrodes were prepared via the facile electropolymerization method. 
The electrochemical performance of the fabricated supercapacitors under strain and 
after repeated stretching cycles were evaluated. 
To further improve the stretchability of the buckled PPy electrode, an electrode 
interfacial roughness engineering strategy was employed. The interfacial roughness 
was imprinted from sandpapers that are commonly used in our daily life. The 
stretchability of the buckled PPy electrode with interfacial roughness was optimized 
by using sandpaper with different grit sizes. The mechanism for the stretchability 
enhancement was discussed. A solid-state stretchable supercapacitor with higher 
strain tolerance was fabricated. Its electrochemical performance under different 
mechanical deformation conditions was examined.   
In the following work, a stretchable fabric electrode was prepared and its application 
for supercapacitor was evaluated. A stretchable and conductive reduced graphene 
oxide (rGO) coated fabric electrode was prepared via a facile dyeing approach using 
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graphene oxide as dyestuff followed by a mild chemical reduction. The mechanical 
properties, conductivity and electrochemical performance of rGO coated fabric 
electrode were investigated. PPy was chemically polymerized onto the rGO coated 
fabric electrode to enhance its specific capacitance. The electrochemical 
performance of PPy/rGO coated fabric electrode under mechanical deformation was 
investigated. The effect of the rGO layer was discussed. 
Finally, a braiding technology was employed to fabricate linear yarn supercapacitor. 
Stainless steels (SS) were braided with polyester fibres to achieve a predetermined 
structure. PPy was electropolymerized onto SS as active material. The 
electrochemical performance of the yarn supercapacitor using both aqueous 
electrolyte and gel electrolyte was investigated. Also, a unique method to enhance 
the energy output was proposed by using the braided technology. 
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1. Introduction 
Textile is a flexible material that is non-woven, woven or knitted from natural or 
synthetic fibres. The integration of multifunctionality into textiles has become of 
interest for both academics and industries in recent years. We are surrounded by 
textiles in all our daily life. Textile has become a unique and important platform for 
wearable electronics innovations. Smart textiles, or E-textiles, are fabrics with 
embedded functional devices such as sensors, transistors or antennas [1-4]. They 
represent the new generation of textiles with new functionality. Smart textiles are 
expected to sense and react to different environmental stimuli; such as thermal, 
chemical or electrical sources. The main components included in smart textiles are 
the sensors, actuators and controlling units. Smart textiles have gained tremendous 
interest in recent years and found widespread application in personalized electronics, 
wearable medical monitors, and even in the military field [5].  
Currently, most smart textiles are powered by traditional rechargeable batteries, 
which are too bulky, rigid and heavy to be seamlessly integrated into textile 
structures [6]. Lightweight energy storage devices are needed, including flexible thin 
film batteries [7, 8] and supercapacitors [9]. Smart textiles should operate well when 
under mechanical deformation, such as bending, twisting, and even stretching. Those 
energy storage devices are expected to keep their performance as well. Self-powered 
garments can be created by combining them with energy harvesting devices such as 
wearable piezoelectrics [10] or thermoelectrics [11] to capture energy from human 
body movement or heat (Figure 1.1).  
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Compared with batteries, supercapacitors possess advantages of high power density, 
fast charging-discharging ability and extremely long cycling life [12]. They have 
gained significant attention in recent years. Supercapacitors which can be fabricated 
using non-toxic electrode materials and non-flammable electrolyte [13], have been of 
research interest for smart garments. A general introduction of this type of energy 
storage devices and its development in wearable forms will be summarized in the 
following sections. 
 
Figure 1.1 Design concept of a self-powered smart garment [14]. 
1.1 Supercapacitor 
Conventional plate capacitors are constructed with a dielectric layer placed between 
two conductive plates (Figure 1.2). The charge that can be stored is related to the 
area of two metal plates (A), the properties of the dielectric layer and the separation 
distance (d) as illustrated in Equation 1.1 [15],  





                          (1.1) 
where 𝜀  is the dielectric constant of the dielectric layer. Generally, a very small 
amount of charge can be stored ranging from 1 pF to 1 mF in a conventional 
capacitor. 
 
Figure 1.2  Schematic structure of a plate capacitor. 
Supercapacitors, or electrochemical capacitors, can achieve higher capacitance than 
conventional capacitors. Based on the energy storage mechanisms, supercapacitors 
can be classified into three types [16]: (1) electrochemical double-layer capacitor 
(EDLC), which stores energy by adsorption of anions and cations on two highly 
porous carbon based electrodes; (2) pseudo-capacitor which derives the capacitance 
from the storage of charge in redox materials in response to a redox reaction; and (3) 
hybrid capacitor which consists of a capacitive electrode and a faradic electrode. 
Characteristics of these supercapacitors will be discussed in the following sections. 
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1.1.1 Electrochemical double-layer capacitor (EDLC) 
1.1.1.1 Models of double layer 
The first EDLC was demonstrated and patented by General Electric in 1957 [17]. It 
has gained tremendous attention for a wide range of applications that require high 
power density such as battery assistance, hybrid electrical vehicles, and 
uninterruptable power supplies. Generally, EDLC is composed of two carbon based 
electrodes with high surface area, an electrolyte and a separator (Figure 1.3).  
 
Figure 1.3  Schematic structure of an EDLC [18]. 
The concept of a double layer was first described by Helmholtz in 1853, which 
stated that two layers of opposite charge formed at the electrode-electrolyte interface. 
This simple model was then refined by Gouy and Chapman; they introduced a 
diffuse layer which arose from the accumulation of ions close to the electrode 
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surface. However, the Gouy-Chapman model overestimated the EDL capacitance 
since the capacitance increases inversely with the separation distance. Later, Stern 
combined these two models to definitely define two parts of ion distribution; the 
compact layer and diffuse layer. In the compact layer, the hydrated ions are adsorbed 
strongly by the electrode, and the compact layer is composed of specifically 
adsorbed ions and non-specifically adsorbed counter ions. The diffuse layer is as 
what the Gouy-Chapman model has defined. The capacitance in the EDL can be 
considered as a combination of the capacitances from the compact and diffuse layer 
[19]. 
 
Figure 1.4 (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern model 
of double layer [19]. 
The capacitance of an EDLC is generally given by the following equation (Equation 




                      (1.2) 
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where 𝜀𝑟 is the dielectric constant of the electrolyte, 𝜀0 is the dielectric constant of a 
vacuum, A is the surface area of the electrode which is accessible to the electrolyte 
ions, and d is the effective thickness of the double layer.  However, some work 
revealed that the specific capacitance and the surface area did not show a linear 
relationship [20, 21].  This may be due to some micropores being inaccessible to the 
large solvated ions. Then, Huang and co-workers took the pore curvature into 
account and separated the capacitance into three parts according to the pore size [22]. 
For macropores with pore size bigger than 50 nm, the pore curvature can be 
neglected, and the capacitance can be well explained by Equation 1.2.  For 
mesopores (2-50 nm in diameter), an electric double-cylinder capacitor (EDCC) 
model was suggested when assuming that the mesopores are cylindrical. The 






                    (1.3) 
where b is the pore radius, and d is the approaching distance of the ions to the carbon 
surface. For micropores (diameter < 2nm), a wire-in-cylinder capacitor (EWCC) 






                    (1.4) 
where a0 is the effective size of the ions. These models fit well with the experimental 
results, no matter what type of carbon materials and electrolytes are employed. 
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1.1.1.2  High surface area carbon materials 
Developing carbon based materials with high specific surface area is the key point in 
constructing a high performance EDLC, since the capacitance is proportional to the 
accessible surface area. Currently, a number of carbon materials have been 
investigated as active materials for supercapacitors. 
Activated carbons are the most widely used materials for EDLC due to their high 
specific surface area, high electrochemical stability and low cost. They are mainly 
derived from carbonization and activation of carbon-rich precursors (wood, coal, 
coconut shell, synthetic polymers, etc.). Carbonization is usually realized by heating 
precursors at high temperature, followed by chemical activation with H3PO4, KOH, 
NaOH or ZnCl2 [16]. A high capacitance ranging from 100 to 300 F g
-1
 can be 
achieved in aqueous electrolytes, and a 100-120 F g
-1
 in organic electrolytes [19]. 
Carbon nanotubes (CNTs) are a sort of tubular carbon materials with a graphitic 
structure (Figure 1.5). They can be classified into two types: single-walled carbon 
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [23]. CNTs 
have attracted significant interest in recent years for developing high-performance 
supercapacitors due to their high electrical conductivity, unique pore structure and 
good mechanical stability. Compared to activated carbons, CNTs possess moderate 
specific surface area. However, comparable specific capacitance has been reported 
for CNTs. Niu et al. reported a MWCNTs based electrode exhibiting a maximum 
specific capacitance of 110 F g
-1 
[24]. SWCNTs based electrodes achieved a specific 
capacitance as high as 180 F g
-1 
[25]. Recent studies have shown that aligned CNTs 
are more efficient in ion transportation compared to the randomly entangled CNTs. A 
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high specific capacitance of 365 F g
-1
 has been obtained in 1.0 M H2SO4 for a 
MWCNTs array based electrode [26].  
 
Figure 1.5  Schematic structure of SWCNT and MWCNT [27]. 
Graphene, a one-atom thick single layer carbon (Figure 1.6), has attracted significant 
attention as electrodes for supercapacitors due to its high electrical properties and 





 [32]. The theoretical double-layer capacitance of a graphene electrode is 
550 F g
-1
 [33]. However, it is hard to achieve this high capacitance level due to the 
restacking of graphene sheets during the electrode preparation process. Stoller and 
co-workers investigated reduced graphene oxide as electrode materials [32]. The 
individual graphene sheets partially agglomerated during the reduction process, 
leading to moderate specific capacitances of 135 F g
-1
 in aqueous electrolyte and 99 
F g
-1
 in organic electrolyte. Zhu et al. reported that KOH activated graphene could 




. The activated graphene yielded a 
specific capacitance of 166 F g
-1
 in organic electrolyte at a current density of 5.7 A g
-
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1
 [34]. Yu et al. utilized carbon nanotubes as the spacer to prevent the aggregation of 
graphene sheets. The resultant hybrid film showed a good performance, a specific 
capacitance of 120 F g
-1
 at a very high scan rate of 1 V s
-1
 [35]. The formation of 
freestanding 3D graphene macroscopic structures to avoid restacking is also reported 
[36-38]. Yang and co-workers reported the preparation of a hydrated free-standing 
graphene film by vacuum filtration. This film gave a specific capacitance of up to 
215 F g
-1
 [36]. Xu et al. demonstrated a self-assembled graphene hydrogel by 
hydrothermal method with a high specific capacitance of 160 F g
-1
 [37]. Chen’s 
group reported a leavening strategy to prepare graphene foams, and it showed a very 
high specific capacitance of 440 F g
-1
 [38].  
 
Figure 1.6  Schematic structure of one single-layer graphene [39]. 
Other carbon materials such as carbon onions [40], templated carbon [41] have also 
been evaluated for supercapacitor applications. Carbon onions are 0D materials 
prepared by annealing nanodiamond in vacuum or argon. They showed a high 
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, but can only achieve a limited capacitance of 
30 F g
-1
 [40]. Templated carbons are produced by infiltrating a carbon precursor into 
the pores of the template, followed by the carbonization and removal of the template 
[42]. Ania et al. reported a microporous carbon obtained using a zeolite template. 





delivered a large specific capacitance of 340 F g
-1
 with excellent stability [41].    
1.1.2 Pseudo-capacitor 
Pseudo-capacitor stores energy through fast and reversible redox reactions between 
electrolyte and electrode materials. When a potential is applied to a pseudo-capacitor, 
fast and reversible redox reactions occur on the electrode materials and the charge 
pass across the double layer, resulting in a current passing through the supercapacitor 
[15]. Electrode materials in this kind of supercapacitor include conducting polymers 
[43], metal oxides or hydroxides [44].  
1.1.2.1 Conducting polymers (CPs) 
1.1.2.1.1 General introduction 
Conducting polymers are organic polymers that can conduct electricity. In 2000, the 
Nobel Prize in Chemistry was awarded to Alan J. Heeger, Alan MacDiarmid and 
Hideki Shirakawa for their outstanding work on conducting polymer polyacetylene 
[45]. During the past decades, numerous CPs have been developed, and found 
widespread application in polymer light-emitting diodes [46], sensors [47], artificial 
muscles [48], anti-corrosion coatings [49], and energy conversion and storage 
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devices [43, 50]. CPs are suitable as electrode materials for supercapacitors as they 
possess many advantages: such as low cost, environmentally friendly nature, high 
conductivity in a doped state, high capacitance and ease of synthesis [43, 51-54]. The 
most commonly studied CPs in supercapacitors are polypyrrole (PPy) [55], 
polyaniline (PANi) [53], and derivatives of polythiophene (PTh), such as poly 
(ethylenedioxythiophene) (PEDOT) [56]. Their structures are shown in Figure 1.7.  
 
Figure 1.7  Chemical structures of PPy, PANi, PTh and PEDOT (undoped form). 
1.1.2.1.2 Synthesis of CPs 
CPs are typically formed either through chemical oxidation of the monomer with 
oxidant, or electrochemical oxidation of the monomer at a positive potential [57]. 
Taking PPy for example, chemical polymerization is generally conducted in the 
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solution which contains monomer, dopant and oxidant. The mechanism for chemical 
polymerization of PPy is controversial. The most widely accepted one is the 
coupling between radical cations (Figure 1.8) [58]. The reaction is initiated with the 
oxidation of a pyrrole monomer to yield a radical cation (step 1). Two radical cations 
undergo coupling and deprotonation to produce a bipyrrole (step 2). In the chain 
growth step, re-oxidation, coupling and deprotonation are repeated to form oligomers 
and PPy (steps 3-5).  The most widely used oxidants are (NH4)2S2O8 and FeCl3. PPy 
can be doped with single-charge and multiple charge anions [59]. The chemical 
polymerization can be performed either in H2O or organic solvents, such as alcohols, 
acetonitrile, tetrahydrofuran, chloroform, and benzene.  
 
Figure 1.8 Mechanism for chemical polymerization of PPy [58]. 
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A range of nanostructured PPy, such as nanofibres [60] and nanotubes [61], can be 
prepared using soft template via chemical polymerization. Wu et al. prepared PPy 
nanofibre in HCl solution using (NH4)2S2O8 as oxidant and cationic surfactant 
cetyltrimethylammonium bromide (CTAB) [60]. CTAB, HCl and pyrrole reacted to 
form a network of threadlike micellar aggregates as template for polymerization. PPy 
nanotubes can be formed on a reactive self-degrading template [61]. Anions azo dye 
methyl orange (MO) and FeCl3 instantaneously formed a fibrillar reactive seed. PPy 
grew on the surface of the seed which degraded during the subsequent 
polymerization because of the reduction of oxidizing cations, leading to the 
formation PPy nanotubes. Furthermore, PPy can also be polymerized on the surface 
of non-conducting substrates by immersing the substrates into the polymerization 
solution. Various textile substrates have been successfully coated with PPy via in-
situ chemical polymerization [62]. 
Compared to chemical oxidation, electrochemical oxidation offers a number of 
advantages: ability to incorporate various dopants, easy control of the 
microstructures, sequential deposition to produce layered structures, and the ability 
to form copolymers. The monomer is dissolved in a solvent containing dopant and 
oxidised at the surface of the electrode by applying an anodic potential. Both solvent 
and electrolyte should be stable at the oxidation potential. Organic solvents, such as 
acetonitrile, which have large potential windows are usually employed. 
Electropolymerization of pyrrole can also be carried out in aqueous solution since 
pyrrole has a relatively low oxidation potential [63]. During the 
electropolymerization, the anion enters into the polymer to balance the charge and a 
polymeric film is formed at the electrode surface. Since CPs are deposited on an 
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electrode at a positive potential, the electrode should be resistant to oxidation during 
the process. Therefore, the oxidation potential of the electrode should be higher than 
that of the monomer. The most commonly used conductive electrodes are Pt, Au, 
ITO, glassy carbon and stainless steel. Electropolymerization can be achieved by 
using galvanostatic (constant current), galvanodynamic (pulsed current), 
potentiostatic (constant potential) or potentiodynamic (cyclic voltammetry or pulsed 
potential) methods. Electropolymerization at a constant current affords facile control 
of the thickness of the deposited polymer by simply controlling the time elapsed 
during the process. A pulsed current method can be used to obtain polymers with 
shorter chain length or a higher degree of conjugation. Constant potential or 
potentiodynamic methods are ideal for deposition of CPs with overoxidation 
potentials which are close to the oxidation potential of the monomer. Cyclic 
voltammetry is generally employed to study the redox processes at the early stage of 
polymerization to study the redox process [64].  
The mechanism for electropolymerization of PPy is also controversial. That 
proposed by Diaz is the most accepted one (Figure 1.9) [63]. The monomer is 
oxidised to form a radical cation, and the coupling of two radical cations leads to the 
formation of a dihydromer dication. Consequently, the loss of two protons and re-
aromatization results in the formation of dipyrrole. Dipyrrole has a lower oxidation 
potential than pyrrole monomer because of the extended conjugation over two rings. 
It is more easily oxidized. The dimer radical cation is less reactive than the monomer, 
and so the dimer radical cation mainly couples with a monomeric radical and 
undergoes deprotonation to form a tripyrrole. The chain growth continues via the 
repeated process: oxidation, coupling and deprotonation until PPy is obtained. The 
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electropolymerization gives a doped conducting PPy. The polymer chain carries a 
positive charge every 3-4 pyrrole units, which is balanced by an anion. 
 
Figure 1.9 Mechanism for electropolymerization of PPy [63]. 
1.1.2.1.3 Applications in supercapacitor 
CPs can be p-doped with anions or n-doped with cations. The mechanism of 
electrochemical doping of a conducting polymer is described in Figure 1.10. 
Electrochemical p-doping of conducting polymer occurs by removing electrons from 
the polymer chain through the external circuit and entering of anions from the 
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electrolyte into the polymer to balance the positive charge. Reverse of this 
mechanism accounts for the electrochemical n-doping of conducting polymers. 
Electrons enter the polymer chain through the external circuit and the cations from 
the electrolyte enter the polymer to balance the negative charge. PPy and PANi  can 
only be p-doped in a supercapacitor system due to the very negative potentials 
required for n-doping, which is beyond the reduction potential limit of the electrolyte 
[65]. PTh and its derivatives can be both p- and n-doped [66, 67]. 
 
Figure 1.10 Schematic representation of electrochemical doping of conducting 
polymers [68]: (a) p-doping and (b) n-doping. 
Three device configurations have been developed for supercapacitors solely 
composed of conducting polymers [51, 53, 68-72]: (1) Type I (symmetric) using the 
same p-dopable polymer in both electrodes. When the device is fully charged, one 
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electrode is fully doped and the other one is undoped. The voltage of this type of 
device is limited to 0.8-1 V. (2) Type II (asymmetric) using two different p-dopable 
polymers with different redox potential windows, such as polypyrrole and 
polythiophene. Compared to Type I, this type of device delivers higher voltage of 
~1.5 V. (3) Type III (symmetric) using the same polymer electrodes that can be p-
doped and n-doped. When the device is fully charged, one electrode is fully p-doped 
and the other one is fully n-doped, leading to a high cell voltage of more than 3 V. 
Much higher specific capacitances have been obtained for CPs compared to carbon 
materials. Fan et al. prepared a highly porous PPy electrode on Ti foil via the cyclic 
voltammetry method. The resultant PPy showed a specific capacitance of about 450 
F g
-1 
[73]. Nafion ions or perchlorate doped PPy exhibited a specific capacitance of 
344 or 355 F g
-1
, respectively [74]. PANi was reported to show a specific 
capacitance higher than 500 F g
-1
 [75-85]. A derivative of PTh, poly(tris(4-
(thiophen-2-yl)phenyl)amine), can even achieve a specific capacitance greater than 
990 F g
-1
 [86]. However, CPs based electrodes suffer from the structural degradation 
caused by swelling and shrinking of CPs during long term cycling, leading to 
electrochemical performance fading. It is suggested that nanostructured CPs [87] or 
compositing with carbon based materials [88-90] can enhance the cycling stability.  
1.1.2.2 Metal oxides or hydroxides 
Besides CPs, metal oxides or hydroxides also have attracted great attention for 
supercapacitor application. Ruthenium oxide, RuO2, has been extensively studied 
since it is conductive, has three distinct oxidation states within a potential window of 
1.2 V, and a very high theoretical specific capacitance of ~2000 F g
-1
 [91]. In an 
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acidic electrolyte, the oxidation states of Ru can change from Ru (II) to Ru (IV), 
which involves rapid reversible electron transfer together with the electron-
adsorption of protons on the surface of RuO2. The process can be described by 
Equation 1.5 [15]: 
        
                           (1.5) 
where      . A high specific capacitance of 1190 F g-1 has been obtained for 
amorphous RuO2 which was prepared by anodic deposition [92].  However, the high 
cost and environmental harmfulness hinder its practical application [15]. 
Alternatively, researchers transferred their attention to finding cheaper and 
environmentally friendly materials that possess similar electrochemical performance 
to that of RuO2, such as MnO2 [93], Fe3O4 [94], V2O5 [95], Co3O4 [96], Co(OH)2 
[97], NiO [98],  and Ni(OH)2 [99]. 
1.1.3 Hybrid supercapacitor 
Hybrid supercapacitors have attracted significant attention recently due to their 
increased operating voltage and enhanced energy density while maintaining high 
level power ability [100-103]. A hybrid supercapacitor cell is the combination of a 
faradic electrode and a capacitive electrode. Two types of hybrid supercapacitors 
have been developed: (1) a pseudocapacitive electrode with a capacitive carbon 
electrode, and (2) a lithium-insertion electrode with a capacitive carbon electrode.  
In the first type of hybrid supercapacitors, high specific surface area carbon materials 
are generally used as capacitive electrodes, while metal oxides/hydroxides or 
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conducting polymers are employed as pseudocapacitive electrodes. The voltage can 
be extended to 2.2 V without decomposition of water [91]. MnO2 is one of the most 
studied pseudocapacitive materials in this hybrid system. Wu et al. reported a MnO2 
nanowire based hybrid supercapacitor that can be reversibly cycled in the voltage 
region of 0-2 V with a cycling performance of ~79% capacitance retention after 
1000 cycles in aqueous Na2SO4 solution [101]. Conducting polymers have also been 
investigated in hybrid supercapacitors. An asymmetric cell with a voltage of 1.6 V 
has been reported using PPy composite electrode in aqueous electrolyte [104].  
The second type hybrid supercapacitor, lithium-ion capacitor, is composed of a 
lithium-insertion electrode and a capacitive carbon electrode. In 2001, Amatucci and 
co-workers reported a hybrid supercapacitor using Li4Ti5O12 as a negative electrode 
and activated carbon as a positive electrode in LiPF6 non-aqueous electrolyte [105]. 
A high cell voltage of 3 V was obtained with a 85-90% capacitance retention after 
5000 cycles. Following this work, many studies have been conducted on utilization 
of various lithium-insertion electrodes for hybrid supercapacitors, such as Li2Ti3O7 
[106], LiMn2O4 [107], MnFe2O4 [108]. 
1.2 Recent development in wearable supercapacitors 
As described at the beginning of this chapter, light weight wearable supercapacitors 
are in high demand to be integrated into the textile structure for self-powered 
functional garments. Garments are hierarchical structures composed of up to 3 levels, 
fibre, yarn and fabric, as shown in Figure 1.11. So wearable supercapacitors are 
generally designed based on the level in the garment, including planar 
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supercapacitors that can be attached on the surface of garments; textile 
supercapacitors that are built on the existing fabric structures or woven or non-
woven from active fibres; and linear fibre shaped supercapacitors that can be woven 
or knitted into fabrics, or stitched into existing textiles. At the garment level, those 
supercapacitor cells are expected to sustain a deformation of 3-55% associated with 
body movement or to be compliant to the non-coplanar garment surface [109]. 
Supercapacitors that are not only flexible but also stretchable are developed to meet 
such requirements [110, 111]. Textile supercapacitors are generally fabricated based 
on active materials coated fabrics [14]. Recently, linear fibre supercapacitors have 
attracted significant attention because they afford the ability to be woven or knitted 
into textiles, or stitched into existing fabrics [112]. The fabrication strategies and 
performance of these three types of wearable supercapacitors will be summarized in 
the following sections. 
 
Figure 1.11  Components of a garment. Reproduced from reference [14]. 
1.2.1 Stretchable planar supercapacitors 
The garments are compressed or stretched in association with human body 
movements. The supercapacitor devices attached on the garments should tolerate 
such deformation. Supercapacitors that are not only flexible but also stretchable are 
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developed to meet such requirements. A planar supercapacitor is composed of two 
electrodes, an electrolyte and a separator. Ideally, each component of the 
supercapacitor should be made stretchable to achieve an integrated stretchable 
supercapacitor. Till now, several strategies have been proposed to fabricate 
stretchable electrodes for the stretchable supercapacitor, including: (1) wavy 
structured electrodes design, (2) open mesh structured electrodes design, (3) 
intrinsically stretchable electrodes design, and (4) stretchable interconnect-hard 
island design. 
1.2.1.1 Wavy structured electrodes 
Inspired by the pioneering work of Whitesides’ group [113], the wavy structure 
configuration has been widely used to achieve the stretchability of diverse electronic 
devices, which is induced by mechanical buckling or through a pre-determined 
design.  
Commonly, the mechanical buckling method includes three steps: (1) pre-stretch the 
elastic substrate, (2) deposit or transfer functional materials onto the pre-stretched 
substrate, (3) release the pre-stretched substrate. After relaxation, wavy structures are 
formed spontaneously due to Poisson’s effect. The applied strain can be 
accommodated by the change of the wave amplitude and wavelength [114]. The first 
stretchable supercapacitor was reported by Yu et al. using wavy SWCNT macrofilms 
on a PDMS substrate through the mechanical buckling method [115]. The wavy 
SWCNT macrofilm was prepared according to the processes as shown in Figure 
1.12a. The PDMS substrate was pre-stretched to 30% and subjected to a UV 
exposure to form an activated surface. Then a functionalized SWCNT macrofilm 
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was laminated onto the pre-stretched PDMS. Due to the strong interaction between 
the PDMS surface and functional groups on the SWCNT macrofilm, when the pre-
strain was released, a wavy structured SWCNT film was formed spontaneously 
(Figure 1.12b). The cyclic voltammetry curves of the supercapacitors with 0% and 
30% strain applied showed a similar shape (Figure 1.12c), indicating that this 
supercapacitor is highly stretchable. However, aqueous electrolyte was employed in 
this work and electrolyte leakage is a concern.  
 
Figure 1.12 (a) Schematic fabrication processes of a wavy SWCNT macrofilm 
on a PDMS; (b) SEM image of a wavy SWCNT macrofilm; and (c) CV curves 
of the stretchable supercapacitor at a scan rate of 100 mV s
-1
. Reproduced from 
reference [115]. 
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Later, this approach was adopted and optimized by Niu et al. using a SWCNT film 
with continuous reticulated architecture [116]. With an enhanced pre-strain and 
PVA-H2SO4 polymer electrolyte, an integrated solid-state supercapacitor was 
fabricated with a stable electrochemical performance at 120% strain. The 
electrochemical performance can be further enhanced by a conducting polymer 
coating [117]. With an electrodeposited PANi layer, the specific capacitance of the 
SWCNT macrofilm electrode can be increased from 48 to 435 F g
-1
. Chen and co-
workers reported that an electrochromic stretchable supercapacitor could sustain a 
strain of 100% using wavy CNT/PANi composite film electrodes [118]. Tang et al. 
demonstrated a stretchable supercapacitor using a highly stretchable and sticky 
hydrogel electrolyte [119]. It was fabricated by attaching two pieces of CNT/MnO2 
film on pre-strained sticky hydrogel and then releasing the pre-strain. This 
supercapacitor can be stretched to 150% without obvious performance fade. Besides 
CNT macrofilms, spray coated CNT films [120, 121], graphene [122, 123] and 
graphene/CNT composite film [124] have also been employed to fabricate 
stretchable supercapacitors via the mechanical buckling method. 
Meanwhile, some other groups reported the fabrication of stretchable supercapacitors 
using the pre-determined wavy structures directly. Chen et al. reported a transparent 
stretchable supercapacitor based on wrinkled graphene electrodes which can sustain 
a strain of up to 40% [125]. The wrinkled graphene was synthesized by chemical 
vapour deposition (CVD) on a wrinkled copper film (Figure 1.13a). After PDMS 
coating and etching, the wrinkled structure was well inherited (Figure 1.13b).  The 
CV curves of the supercapacitor were almost unchanged when a 40% strain was 
applied (Figure 1.13c). Xie et al. used a similar method to prepare graphene foam on 
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wavy shaped Ni foam [126]. After etching the Ni foam, PANi was electrodeposited 
on the obtained wavy graphene foam. The stretchable supercapacitor based on this 
wavy graphene/PANi foam can tolerate a maximum strain of 30%. 
 
Figure 1.13 (a) Schematic procedures to fabricate wrinkled graphene based 
stretchable supercapacitor; (b) SEM image of wrinkled graphene sheet on 
PDMS; and (c) CV curves of the stretchable supercapacitor at different strains 
at a scan rate of 100 mV s
-1
. Reproduced from [125]. 
1.2.1.2 Open mesh structured electrodes 
In open mesh design, accommodation of the strains is provided by the in-plane 
rotation, with a motion similar to that of a scissors [127]. Huang et al. illustrated a 
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PPy based stretchable supercapacitor using tailored stainless steel mesh as current 
collectors [128]. A biaxially stretchable knitted stainless steel mesh was obtained by 
cutting the original mesh along a direction of 45
o
 to the weft or warp (Figure 1.14).  
After deposition of PPy, a stretchable supercapacitor was assembled with polymer 
electrolyte. Because of the structure limitation, this stretchable device can only 
sustain a maximum strain of 20%. 
 
Figure 1.14 Schematic fabrication processes of a stretchable supercapacitor 
using tailored stainless steel mesh as current collectors. Reproduced from [128]. 
1.2.1.3 Intrinsically stretchable electrodes 
Design of intrinsically stretchable electrodes represents an alternative way to 
fabricate stretchable supercapacitor without pre-strain or pre-determined structures. 
Currently, aligned CNT film, CNT infused PDMS and templated graphene have 
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been applied in this field. Chen et al. reported a transparent stretchable 
supercapacitor with two cross assembled aligned CNT film electrodes [129]. As the 
CNT film was stretched vertical to the nanotube length direction, it only caused 
lateral expansion of the nanotube network, without breaking the nanotube-nanotube 
contact. This cell showed good stability after hundreds of stretching cycles. Yu and 
co-workers presented a water surface assisted synthesis of MWCNT/PDMS 
stretchable film. This film can be stretched to a high strain of 50% without 
conductivity and structure loss. With a PANi coating layer, the 
PANi/MWCNT/PDMS film exhibited a specific capacitance of 1023 F g
-1
. The 
assembled supercapacitor showed good stretchability with 95% capacitance retention 
after 500 stretching cycles [130]. Li et al. illustrated the fabrication of a transparent 
graphene film with prism like building blocks using NaCl as the template (Figure 
1.15) [131]. The strain applied to the graphene film can be accommodated by the 
deformation of the prism like building blocks, resulting in a high strain tolerance of 
38%. The stretchable supercapacitor assembled with these graphene films showed 
stable electrochemical performance after hundreds of stretching cycles. 
 
Figure 1.15 (a) Schematic fabrication processes for graphene film, (b) cross-
sectional SEM image of graphene film, (c) reversible stretching and releasing of 
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graphene film, and (d) charge-discharge curves of stretchable supercapacitor at 
different strains. Reproduced from [131]. 
1.2.1.4 Stretchable interconnect-hard island design 
The stretchable interconnect-hard island design represents another strategy to 
fabricate stretchable supercapacitors. The supercapacitor device resides on the rigid 
island, while the stretchable interconnects form the bridge between the islands. 
When a strain is applied, the stretchable interconnects with low stiffness is deformed 
to accommodate the strain, while the rigid islands keep undeformed 
(deformation 1%) to maintain the function of the device. Serpentine interconnect 
and liquid metal interconnect are employed in this design strategy. Kim et al. 
fabricated a stretchable micro-supercapacitor array using narrow and long serpentine 
metallic interconnects with micro-supercapacitors composed of SWCNT electrodes 
and an ionic liquid-based polymer electrolyte. The stretchability of the whole device 
was afforded by the deformation of the metal interconnect (Figure 1.16). The whole 
supercapacitor array can tolerate a strain of 30% without noticeable performance 
fade [132]. Later, this group optimized their design using liquid metal instead of the 
serpentine interconnects to achieve a higher strain of 40% [133] or even biaxial 
stretchability [134]. 
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Figure 1.16 (a) Optical image of a micro-supercapacitor with serpentine 
interconnections; (b) charging of the micro-supercapacitor array and 
discharging at a bending or stretching state. Reproduced from [132]. 
Stretchable supercapacitors hold great potential in wearable electronics. In the past 
few years, research in this field has realised great achievement, benefiting from the 
materials design as well as the novel device structures. Performances of the reported 
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Table 1.1  Performance of stretchable supercapacitors. 














12 F g-1@0% strain, 13.3 F g-1 
@120% strain, 100% retention 





109 F g-1@0% strain, 109 F g-
1 @120% strain, 85% retention 





77 F g-1@0% strain, 61.5 F g-1 
@100% strain, 100% retention 




50.3 F g-1@0% strain, ~100% 




coated latex [120] 
1.0 M Na2SO4 100% 
27.5 F g-1@0% strain, 5.2 F g-
1 @100% strain, 80% retention 
after 100 stretchings 
Spray coated 
SWCNT film/gold 
coated PDMS [121] 
Ion gel 20% 
13 F g-1@0% strain, 13.1 F g-
1@20% strain, 80% retention 




47.5 F g-1@0% strain, 96% 






3.5 F g-1@0% strain, 4.3 F g-1 
@40% strain, 98% retention 
after 10000 stretchings 
Spray coated 
graphene /SWCNT 
film/gold coated PU 
[124] 
1.0 M H2SO4 100% 
66.3 F g-1@0% strain, 28.8 F 
g-1 @100% strain, 61% 





1.9 F g-1@0% strain, 100% 




65.3 F g-1@0% strain, 95% 
retention after 100 stretchings 






42.5 F g-1@0% strain, 53.5 F 







7.3 F g-1@0% strain, 100% 




256 F g-1@0% strain, 95% 




13.8 F g-1@0% strain, 100% 




CNT [132] Ion gel 30% 
13.8 F g-1@0% strain, 100% 
retention @30% strain 
CNT [133] Ion gel 40% 
0.63 mF cm-2@0% strain, 
92% retention@30% strain 
CNT [134] Ion gel Biaxial 50% 
13.2 F cm-3@0% strain, 96% 
retention after 1000 
stretchings 
 
1.2.2 Textile supercapacitors 
Fabrics have hierarchical porosity in the fibres and yarns, and there is also free space 
between fibres and yarns. This structure enables the integration of active materials 
with the fabrics. Dip-coating, screen printing, brush painting and in-situ 
polymerization have been used to incorporate active materials into the fabric.   
The first textile supercapacitor was reported by Hu et al. using the dip-coating 
approach, the SWCNT coated cotton electrodes showed a specific capacitance of 120 
F g
-1
 at 1 mA cm
-2
 with a mass loading as high as 8 mg cm
-2
, resulting in an area 
specific capacitance of 960 mF cm
-2
 [135]. The SWCNT coated cotton was 
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conductive enough to act as both electrode and current collector (Figure 1.17a and b). 
Screen-printing is a common coating technique in the textile industry which is 
applied to create colourful logos and images on the textiles. Jost et al. screen printed 
activated carbon onto the cotton and polyester woven fabrics. The screen-printing 
provided a mass loading of 4.9 mg cm
-2
, leading to an electrode areal capacitance of 
430 mF cm
-2
 at 0.25 A g
-1
 [13]. Graphene was also utilized to construct a textile 
electrode because of its high surface area, stability and flexibility. Solution processed 
graphene coated textiles delivered a specific capacitance of ~63 F g
-1
 [136]. A high 
specific capacitance of 326.8 F g
-1
 was achieved by a thermally annealed graphene 
coated cotton cloth [137]. Graphene coated electrospun polyamide-66 nanofabrics 
exhibited a specific capacitance of 280 F g
-1
 [138]. 
Besides various carbonaceous materials, conducting polymers have also been used to 
produce textile based electrodes. Our group demonstrated the use of PPy based 
fabric electrodes in stretchable supercapacitors. PPy can be chemically polymerized 
on the fabric or electropolymerized on the gold coated fabric. The chemically 
synthesized PPy fabric electrode showed a specific capacitance of 123.3 F g
-1
 at 10 
mV s
-1
 [139], while for the electropolymerized PPy electrode it was 254.9 F g
-1




Instead of using original textile as the substrate, Bao et al. carbonized a cotton T-
shirt into flexible activated carbon textile demonstrating a specific capacitance of 70 
F g
-1
 (Figure 1.17c) [141]. In order to introduce metal oxides into the textile 
supercapacitors, highly conductive textile substrates should be involved to mitigate 
the low conductivity of metal oxides. MnO2 has been investigated to improve the 
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electrochemical performance of SWCNT/cotton [135, 142], graphene/textile [136], 
and activated carbon textile [141]. Most of the textile supercapacitors need metal 
current collectors because of low conductivity. Highly conductive textile substrates 
are in demand to eliminate the heavy metal current collectors. Metal coated textiles 
[143] and conductive carbon fibre based textiles [144-149] are used to replace the 
non-conductive textiles.  
Non-woven or woven textile electrodes represent another development strategy for 
textile supercapacitors. Niu et al. prepared a non-woven macrofibre mat by 
controlling the extrusion patterns of cellulose nanofibre/SWCNT suspensions in an 
ethanol coagulation bath (Figure 1.17d). The areal capacitance of the fabricated 
wearable supercapacitor is 5.99 mF cm
-2
 [150]. Cheng and co-workers reported a 
textile electrode woven from CNT-graphene hybrid fibres (Figure 1.15e), and the 
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Figure 1.17 Textile supercapacitor electrodes: (a) Dipping a piece of textile into 
an aqueous SWCNT ink; (b) a piece of SWCNT-cotton textile electrode [135]; (c) 
a piece of carbonized cotton at bending state [141]; (d) photo of a wet cellulose 
nanofibre/SWCNT hybrid non-woven macrofibre mat [150]; and (e) photo of a 
CNT/graphene woven textile electrode [151]. 
1.2.3 Fibre shaped supercapacitors 
Different from the planar sandwich structured supercapacitors, fibre shaped 
supercapacitors show incomparable advantages for direct use as wearable units or 
integrated with textile structures. Long lengths of fibre electrodes are necessary to 
fabricate such supercapacitors. Currently, fibre electrodes are mainly formed on 
metal coated plastic wires [152], thin metal wires [153-155], carbon fibres [156], 
reduced graphene oxide (rGO) fibres [157], carbon nanotube (CNT) fibres[158], and 
composite fibres [159-165]. Several device architectures have been developed for 
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fibre shaped supercapacitors. These include two parallel fibres, two-ply yarns and 
coaxial yarns as shown in Figure 1.18 [166]. In the first two types, two fibre 
electrodes and a separator or solid polymer electrolyte are fixed in parallel or 
twisted. And in the third type, the core electrode, separator or solid polymer 
electrolyte and outer electrode are assembled layer by layer. 
 
Figure 1.18 Schematic illustration of three device configuration of fibre shaped 
supercapacitors: (a) two parallel fibres [153], (b) two twisted fibres, and (c) 
single coaxial fibre [166]. 
The first prototype of fibre supercapacitor was reported by Wang’s group in 2011 
with a twisted configuration [152]. The device was fabricated by twisting a PMMA 
plastic wire covered with ZnO nanowire around a Kevlar fibre that was covered with 
gold coated ZnO nanowires (Figure 1.17a). A thin layer of gold was coated onto the 
PMMA wire to improve the charge collection and seed the hydrothermal synthesis of 
ZnO nanowire. MnO2 was deposited onto the ZnO nanowire to improve the 
performance, achieving an areal capacitance of 2.0 mF cm
-2
 in a KNO3 aqueous 
solution, 2.4 mF cm
-2
 in PVA-H3PO4 gel electrolyte. Since no separator was 
employed in this work, direct contact could occur, resulting in short circuit. Later, 
Zou’s group reported the fabrication of fibre supercapacitor using low cost pen ink 
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coated metal wires as electrodes [153]. An insulated wire was wound onto one 
electrode to act as spacer wire (Figure 1.19a). It showed a high capacitance of 0.504 
mF cm
-1
. And the device demonstrated excellent flexibility with slight decrease in 
capacitance when bending to 360
◦
. The proposed spacer wire involved in this work 
can avoid direct contact between two fibre electrodes and prevent short circuiting 
during bending. Harrison et al. reported a coaxial fibre supercapacitor by 
sequentially depositing pen ink, gel electrolyte, activated carbon and silver paint 
onto a stainless steel wire [154]. A moderate capacitance of 3.18 mF cm
-2
 (0.1 mF 
cm
-1
) was achieved. 
The fibre supercapacitors described above used metal coated plastic wires or metal 
wires as current collectors. These wires increased the volume and weight of the 
devices, and they had nearly no contribution to the capacitance. In recent years, CNT 
fibre and graphene fibre have been evaluated to fabricate fibre supercapacitors due to 
their high conductivity and mechanical properties. They can serve as both the 
capacitive materials and current collectors. Peng’s group have done a lot of work in 
fibre shaped supercapacitors using MWCNT fibres. They assembled a fibre 
supercapacitor by twisting two MWCNT fibres with PVA-H2SO4 polymer 
electrolyte. However, this device only delivered a very small capacitance of 0.006 
mF cm
-1
, with electrodeposited MnO2, the capacitance can be increased to 0.014 mF 
cm
-1
 [160]. Later, they infiltrated ordered mesoporous carbon (OMC) into the 
MWCNT fibres to form a composite fibre (Figure 1.19b). The assembled 
supercapacitor with two twisted composite fibre electrodes showed a capacitance of 
1.91 mF cm
-1
, nearly 30 times higher than bare MWCNT fibres [167]. They also 
incorporated graphene into the MWCNT fibres, however, the increase in capacitance 
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is limited, a maximum capacitance of 0.027 mF cm
-1
 was achieved [161]. Recently, 
they designed a coaxial supercapacitor with a MWCNT fibre and sheet as core and 
outer electrodes with a layer of gel electrolyte between them, leading to a 
capacitance of 0.029 mF cm
-1
 (Figure 1.19c) [168].  
 
Figure 1.19 (a) Fibre supercapacitor made from two ZnO nanowire electrodes 
[152], (b) fibre supercapacitor composed of two twisted MWCNT/OMC 
composite fibres (top) and SEM image of a composite fibre (bottom) [167], (c) 
schematic illustration of a coaxial fibre supercapacitor (top) and SEM image of 
device made into a knot (bottom) [168], and (d) SEM image of all-graphene 
core-sheath fibre [157]. 
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Meng et al. developed all-graphene core-sheath fibres composed of a graphene fibre 
core with a sheath of 3D graphene network (Figure 1.19d). A fibre supercapacitor 
assembled by twisting two such fibres delivered a capacitance of 0.027 mF cm
-1
 
[157]. Various nano-carbon based fibre supercapacitors have been developed, 
however, the capacitance is limited in the range of 0.01-6.30 mF cm
-1
. 
Pseudocapacitive materials such as PPy, PANi and MnO2 have been introduced into 
different carbonaceous fibres [164, 169-171]. A fibre supercapacitor assembled with 




1.3 Goals for this study 
Carbon based EDLCs show very high power but low specific capacitance due to the 
non-Faradaic charge storage mechanism. Metal oxides/hydroxides possess high 
pseudo-capacitance. However, their conductivity is not ideal. CPs have drawn great 
attention for wearable supercapacitor applications, due to their high-redox 
capacitance, high conductivity, low cost, ease of fabrication, and most importantly, 
high inherent flexible polymeric nature [172].  
PPy is one of the most studied CPs for supercapacitor applications [173]. Recently, 
PPy has been extensively developed for flexible electrodes because of its outstanding 
flexibility and high conductivity [172]. The main aim of my study is to develop 
wearable supercapacitors which are built on PPy based electrodes. They will be 
configured into three types of architectures as summarized above: stretchable solid-
state supercapacitor, textile supercapacitor and yarn supercapacitor. The approaches 
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include: (1) using a mechanical buckling strategy and an electropolymerization route 
to produce buckled stretchable PPy electrodes, realizing the fabrication of stretchable 
supercapacitors with these electrodes and stretchable polymer electrolyte; (2) 
depositing PPy on textiles to produce textile electrodes and fabricating textile 
supercapacitor; and (3) combining a braiding technology and an 
electropolymerization route for direct production of yarn supercapacitors. The 
contents of each chapter are stated as below. 
Chapter 3 describes a highly stretchable PVA-H3PO4 polymer electrolyte obtained 
by choosing PVA with different molecular weight and its weight ratio to H3PO4 in 
terms of conductivity and mechanical properties. A stretchable supercapacitor device 
is developed based on the polymer electrolyte and buckled PPy electrodes. The 
buckled PPy electrode is prepared by electrochemical polymerization of PPy on a re-
elongated elastic current collector. The electrochemical performance of the 
assembled devices under strain and after continuous stretching cycles is evaluated. 
This is the first report of a conducting polymer based stretchable solid-state 
supercapacitor. 
Chapter 4 illustrates the use of an interfacial roughness engineering method to 
enhance the stretchability of buckled PPy electrodes based supercapacitor. The 
interfacial roughness is imprinted from the template (e.g. sandpapers). A higher 
stretchability is achieved compared to the devices fabricated in chapter 3. The 
mechanism for the stretchability enhancement is discussed. 
Chapter 5 shows a textile supercapacitor based on PPy modified rGO coated 
stretchable fabric. The rGO layer is introduced through a facile dyeing approach 
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followed by mild chemical reduction using L-ascorbic acid. PPy is then in-situ 
polymerized onto the rGO coated fabric electrode. The rGO sheets act as inner 
current collectors and form a conductive network under the PPy layer, facilitating 
electron transfer between PPy and rGO, resulting in more efficient utilization of PPy. 
Furthermore, rGO sheets act as frameworks to stabilize PPy, limiting swelling and 
shrinking of the PPy coating during cycling, leading to an improved cycling stability.  
Chapter 6 employs a braiding technology to rationally arrange two fibre electrodes. 
Stainless steel (SS) wires and polyester fibres are braided into one yarn. SS wires 
play the role of current collectors. The SS wires in the yarn are fixed and separated 
by the insulated polyester fibres, so no separators are needed. PPy is electrodeposited 
onto the SS wires to produce active electrodes. The fabricated yarn supercapacitors 
show good flexibility for application in wearable electronics. This is the first report 
of using braiding technology to fabricate yarn supercapacitors. 
Wearable supercapacitors have been an emerging research frontier in the recent 
years. However, many challenges still remain to realize their practical applications. 
The first and most important challenge is to improve the energy storage capability. 
Mechanical flexibility or even stretchability has been achieved recent years. 
However, there is a reciprocal relationship between the mechanical and 
electrochemical properties. Endowing energy storage devices with high mechanical 
flexibility often leads to low active materials loading, which decrease the energy 
storage capability. Novel electrode materials should be further studied. Energy 
storage nanomaterials with high specific area, high conductivity and good 
mechanical properties, such as graphene, MXene and their advanced composites 
40 | P a g e  
 
represent most promising candidates for future flexible energy storage. The second 
challenge for practical application is to develop the scalable production process 
which is compatible with current industry production lines. Attention should also be 
paid to the device encapsulation to prevent electrode materials and electrolytes from 
leakage. In the future, not only the electrochemical performance of the devices, but 
also the wearability, such as toxicity, abrasion resistance, and lifetime should also be 
considered. 
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2. Experimental Methods 
2.1 Chemical reagents and materials 
The chemical reagents and materials used in this work are listed in Table 2.1. 
Table 2.1 List of chemical reagents and materials used in this work 
Reagents and materials Grade Company 
Ammonium persulfate Analytical Reagent Sigma-Aldrich 




L-ascorbic acid Analytical Reagent Alfa-Aesar 
Lithium sulfate 
monohydrate 
Analytical Reagent Sigma-Aldrich 
Naphthalene-2,6,-disulfonic 
acid disodium salt 
Analytical Reagent Sigma-Aldrich 






Poly (vinyl alcohol) Analytical Reagent Sigma-Aldrich 
Sodium chloride Analytical Reagent Ajax Fine Chemicals 
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Sodium p-toluenesulfonate Analytical Reagent Sigma-Aldrich 
p-toluenesulfonic acid Analytical Reagent Sigma-Aldrich 
Formic acid Analytical Reagent Sigma-Aldrich 
Orthophosphoric acid 85 wt. % in H2O Ajax Fine Chemicals 
Pyrrole Analytical Reagent Merck 
Acetonitrile Analytical Reagent Ajax Fine Chemicals 
Ethanol Analytical Reagent Ajax Fine Chemicals 
Tetrahydrofuran Analytical Reagent ChemSupply 
Nylon lycra fabric - Spotlight Store Pty Ltd 
Polyester fibres - 
Shijiazhuang Yunchong 
Trading Co., Ltd 
Nylon/stainless steel fibres - 
Shijiazhuang Yunchong 
Trading Co., Ltd 
 
2.2 Synthesis and preparation 
Chapters 3 and 4 describe the fabrication of stretchable solid-state supercapacitors. 
The synthesis and preparation procedure include: (1) preparation of stretchable 
substrate, (2) surface activation of stretchable substrate with O2 plasma, (3) metal 
sputter coating on the substrate, and (4) electrochemical polymerization of PPy. 
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Chapter 5 illustrates the development of a fabric supercapacitor electrode, and the 
fabrication procedure includes: (1) dyeing fabric with GO, (2) reduction of GO on 
fabric, and (3) chemical polymerization of PPy on rGO coated fabric. 
Electrochemical polymerization of PPy is also employed in Chapter 6 to fabricate a 
yarn supercapacitor. 
The general preparation and characterization techniques are described as follows. 
2.2.1 Preparation of stretchable substrate 
Two stretchable polymer substrates were employed in this work. In chapter 3, Poly 
(styrene-block-isobutylene-block-styrene) (SIBS) was used. It was prepared by a 
solvent casting method. SIBS particles were dissolved in THF, and the solution was 
decanted into a glass petri dish to evaporate the solvent. The formed SIBS film was 
peeled off and cut into pieces for use. In chapter 4, Poly (dimethylsiloxane) (PDMS) 
was used as the elastic substrate. It was prepared by curing the mixture of base and 
curing agent (weight ratio, 10:1) at 110 ºC for 2 h. This preparation process can 
imprint the micro-structures to PDMS from the substrate where the mixture is 
formed on. The detailed preparation process is described in Chapters 3 and 4. 
2.2.2 O2 plasma treatment 
O2 plasma treatment can be used to modify the surface properties of polymers. The 
surfaces of polymers become more hydrophilic after O2 plasma treatment because of 
the formation of high energy groups between the surface groups of the polymer and 
the plasma [1]. The enhanced hydrophilicity can be used to improve the adhesion of 
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metal coating on polymers [2]. In this work, SIBS and PDMS elastic substrates were 
treated with O2 plasma before metal deposition. The treatments were done in an 
Harrick plasma cleaner PDC-002 equipped with a PlasmaFlo PDC-FMG gas flow 
mixer. The substrates were treated with O2 plasma for 2 min at high energy level and 
a chamber pressure of ~1000 mTorr. 
2.2.3 Sputter coating 
Sputter coating is a physical vapour deposition process which involves ejecting 
particles from a solid target by bombardment with energetic particles. Those ejected 
particles collide with argon and move diffusively, towards the substrate and are 
deposited. Au was sputter coated on the pre-stretched polymer substrate and used as 
a current collector to deposit PPy. The sputter coating was processed in an Edwards 
Auto 306 Sputter coater. The substrate was placed on the top of the chamber and 
degassed. When the pressure is lower than 1.0×10
-6
 Pa, the chamber was sealed and 
refilled with Ar to adjust the pressure to around 2.0×10
-3
 Pa. When the pressure is 
stable, the power supply is turned on to start the sputtering. The power for Au and Ti 
sputtering is 30 and 40 W, respectively.  
2.2.4 Electrochemical polymerization of PPy 
The electrochemical polymerization of PPy was carried out in a three-electrode 
system with a working electrode (where PPy was deposited), a stainless steel mesh 
counter electrode and a reference electrode (Ag/AgCl in aqueous solution, and 
Ag/Ag
+
 in non-aqueous solution), as shown in Figure 2.1. In this work, PPy was 
deposited under constant current density conditions. The metal coated elastic 
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substrates (Chapters 3 and 4) and stainless steel wires (Chapter 6) were used as the 
working electrodes. PPy was electrochemically deposited from the solutions 
containing 0.1 M Py and 0.1 M dopant. In Chapters 3 and 4, acetonitrile was used as 
the solvent, while in Chapter 6 the solvent was Milli-Q water. 
 
Figure 2.1 The three-electrode set-up for PPy electropolymerization. 
2.2.5 Dyeing fabric with GO 
Dyeing is a process that add colour to textiles. The oxygenated functional groups of 
GO can form hydrogen bonding with the amide group of nylon, allowing the 
attachment of GO sheets to the nylon fibres during the dyeing process. In Chapter 5, 
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the O2 plasma treated Nylon lycra fabric was immersed into GO solution repeatedly 
to increase the GO uptake. A drying process, where GO coated fabric was treated at 
60 ºC for 30 min, was applied between the dyeing cycles. 
2.2.6 Reduction of GO on fabric 
The reduction of GO can be achieved by different strategies; such as thermal 
reduction, chemical reduction, electrochemical reduction, microwave and photo 
reduction [3]. In this work, chemical reduction using L-ascorbic acid was chosen 
since this method is eco-friendly. The GO coated fabric was immersed into L-
ascorbic acid solution at 95 ºC with constant stirring for 60 min to achieve the 
reduction of GO. 
2.2.7 Chemical polymerization of PPy on rGO coated fabric  
The chemical polymerization of PPy on rGO coated fabric was conducted in a 
beaker with stirring. rGO coated fabric was immersed into the aqueous solution 
containing Py and dopant. Ethanol was added to improve the wettability of the rGO 
coated fabric. The oxidant solution was added drop-wise to initiate the 
polymerization. The reaction was performed in an ice-bath. PPy can integrate with 
graphene sheets through the π-π stacking interaction [4]. The detailed synthesis 
process is given in Chapter 5. 
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2.3 Characterization 
The physicochemical characterization techniques employed mainly include: (1) 
scanning electron microscopy, (2) optical microscopy, (3) Raman spectroscopy, (4) 
X-ray diffraction, (5) tensile tests, and (6) surface resistivity test. The 
electrochemical characterization methods used include: (1) cyclic voltammetry, (2) 
electrochemical impedance spectroscopy, and (3) charge-discharge tests. 
2.3.1 Physicochemical characterization 
2.3.1.1 Scanning electron microscopy 
A scanning electron microscope (SEM) was used to capture the surface micro/nano 
morphology of samples in this work. It produced images of a sample by scanning it 
with a focused beam of electrons. The commonly used SEM mode is the detection of 
secondary electrons emitted by atoms excited by an electron beam. Specimens must 
be conductive at the surface and electrically grounded to avoid the accumulation of 
charge at the surface. Lowly conductive or non-conductive samples are usually 
coated with a 5-10 nm thick conductive layer such as gold or platinum for use. All 
the SEM images in this work were taken by using a JEOL JSM7500 FA cold-field-
gun scanning electron microscope. 
2.3.1.2 Optical microscopy 
The optical microscope uses light and a system of lenses to magnify images of 
samples. It is used to observe the surface changes of the electrodes while stretching. 
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The electrodes were stretched to different elongations and clamped onto the glass 
slides. The images were captured using a CCD camera and recorded by a computer. 
The optical microscope system used in this work was a Leica M205A. 
2.3.1.3 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique that can provide a fingerprint by 
which the molecules can be identified. It relies on inelastic scattering of 
monochromatic light from a laser in the visible, near infrared or near ultraviolet 
range. It can be used to observe vibrational, rotational and other low-frequency 
modes in a molecule. In this work, Raman spectra were obtained using a confocal 
Raman spectroscope (Jobin Yvon HR800, Horiba) with a 632.8 nm diode laser. 
2.3.1.4 X-ray diffraction 
X-ray powder diffraction is a technique used for phase identification of a crystalline 
material. It can measure the average space between layers of atoms, determine the 
orientation of a single crystal, find the crystal structure of an unknown material and 
measure the size, shape and internal stress of small crystalline regions. In this work, 
the interlayer spacing of graphite and graphene oxide were obtained from the XRD 
patterns using a GBC MMA XRD system (Cu Kα radiation, λ= 0.15418 nm).  
2.3.1.5 Tensile test 
Tensile test is a test in which a sample is subjected to a controlled tension and speed 
until failure. From the measurements, tensile strength, maximum elongation, 
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Young’s modulus, Poisson’s ratio, yield strength, and strain-hardening 
characteristics can be determined. In this work, the tensile tests were conducted on a 
Shimadzu EZ mechanical tester. The in-situ resistance changes of the electrodes 
were measured by an Agilent 34410A digital multimeter whilst the samples were 
stretched on the mechanical tester. 
2.3.1.6 Surface resistivity 
Surface resistivity is a characteristic parameter of conductive textiles. It was 
measured according to the American Association of Textile Chemists and Colourists 
Test Method 76-1995 [5], which is a standard method to test the electrical properties 
of conductive textiles. Electrical conductivity is calculated based on the dimension of 
the testing substrate. The fabric is soft and compressible, and so it is difficult to get 
an accurate conductivity; hence the surface resistivity was measured in this work. 
The experimental setup is illustrated in Figure 2.2. Two rectangular copper 
electrodes were placed on the fabric sample and the resistance was measured by a 
multimeter. The calculation of surface resistivity is explained in Chapter 5.  
 
Figure 2.2 Surface resistivity measurement of conductive fabric [5].  
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2.3.2 Electrochemical characterization 
2.3.2.1 Cyclic voltammetry 
Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement in 
which the electrode potential ramps linearly versus time. A typical CV experiment is 
carried out in a three-electrode cell consisting of a working electrode, a counter 
electrode and a reference electrode with electrolyte. The counter electrode can be 
any material that can conduct current easily but not react with the electrolyte solution. 
It should be stable in the applied potential scan window. The reference electrode is 
either Ag/AgCl in aqueous solution or Ag/Ag
+
 in non-aqueous solution. The current 
is measured between the working and counter electrode when the potential is applied 
between the working and reference electrode. It is widely used to study the electrode 
reaction kinetics [6], the electron transfer kinetics [7] and the reversibility of a 
reaction [8]. In this work, the CV experiments in a three-electrode cell were 
performed to test the redox reaction of the electrode. The CV tests of a 
supercapacitor were conducted in a two-electrode cell, where one electrode was 
served as a working electrode, another one as both counter electrode and reference 
electrode. The CV measurements were conducted using a CHI 650D electrochemical 
workstation (CH Instruments, USA).  
2.3.2.2 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is used to characterize the 
electrochemical interface properties of electrodes. It is obtained by measuring the 
current through an electrochemical cell when an AC potential is applied. Normally a 
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small excitation signal is used to make sure that the response is pseudo-linear. In this 
work, EIS tests were performed using a Gamry EIS 3000TM system in the frequency 
range of 100 kHz to 0.01 Hz with an AC amplitude of 10 mV at open circuit 
potential. 
2.3.2.3 Charge-discharge test 
The charge-discharge tests of the supercapacitor device were conducted using a 
battery test system (Neware Electronic Co., Ltd). The system is equipped with 
software that allows the multi-step charge-discharge procedures setup at different 
currents and cut-off potentials. In this work, the supercapacitor devices were charged 
to a cut-off potential of 0.8 V. 
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3. Intrinsically Stretchable 
Supercapacitors Composed of PPy 




This chapter is adapted from the article, “Intrinsically Stretchable Supercapacitors 
Composed of Polypyrrole Electrodes and Highly Stretchable Gel Electrolyte”, by 
Chen Zhao, Caiyun Wang, Zhilian Yue, Kewei Shu and Gordon G. Wallace, that was 
published in ACS Applied Materials & Interfaces (2013, 5, 9008-9014). Adapted 
with permission from American Chemical Society. 
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3.1 Introduction 
Stretchable electronics, also known as elastic electronics or elastic circuits, is a 
technology for building electronic circuits by depositing stretchable electronic 
devices and circuits onto or embedding them completely into stretchable substrates 
[1]. Research on stretchable electronics is motivated by the need for electronic 
systems that can sustain mechanical strain to be integrated with the human body or 
robots. It’s a promising technology to achieve the practical application of wearable 
electronics. A variety of stretchable devices have been developed recently, such as p-
n diodes [2], polymer light-emitting diodes [3, 4], transistors [5-7], electronic eyes 
[8], active matrix displays [9, 10], and strain sensors [11, 12]. 
To achieve an integrated stretchable/wearable electronic system, a stretchable power 
source is required. When this work was being conducted, only a few stretchable 
energy storage devices were reported, including supercapacitors [13, 14] and 
batteries [15-17]. Combining such stretchable energy storage devices with energy 
harvesting systems to capture energy from human body heat or movement is a 
promising solution for future wearable electronics [18]. Supercapacitors have 
attracted tremendous attention due to their high power density and long cycle life 
[19]. SWCNT macrofilms on pre-strained PDMS were developed to fabricate 
stretchable supercapacitors. Buckled SWCNT macrofilms on PDMS showed a 
specific capacitance of 54 F g
-1
 without strain and 52 F g
-1
 with 30% strain at a 
current density of 1 A g
-1
, the specific capacitance did not change up to 1000 charge-
discharge cycles. However, the leakage of liquid electrolyte is a risk when those 
fabricated supercapacitors are integrated into electronic systems. 
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An intrinsically stretchable supercapacitor requires each device component, 
including electrodes, separator and electrolyte, to be stretchable. Compared with 
liquid electrolyte, polymer electrolytes have advantage over liquid electrolytes 
including the ability to minimize leakage of electrolytes [20-22]. They have been 
widely used in energy conversion and storage devices [23-26]. Since 2013, PVA 
based polymer electrolyte [27-30], ionic liquid based ion gel [31, 32] and hydrogel 
[33] have been used as substitutes in place of liquid electrolyte to fabricate 
stretchable supercapacitors. When this work was performed, there were only a few 
stretchable electrolytes reported such as graft copolymer 
poly[(oxyethylene)9methacrylate]-g-poly(dimethylsiloxane) doped with LiCF3SO3 
[34] and poly(methyl methacrylate) networks solvated by the ionic liquid EMI.TFSI 
[32]. The fabrication of these electrolytes involves complicated chemical 







PVA or H2SO4-PVA is a commonly used gel electrolyte in flexible energy devices 
[35, 36]. Stretchable H2SO4-PVA gel electrolyte has been used to prepare a 
stretchable integrated supercapacitor which can sustain 120% strain [27]. It is 
fabricated by a facile solvent casting method. However, there are no reports on the 
mechanical properties and stretchability of such PVA based electrolyte available. 
The lack of such knowledge will limit its wide application as a stretchable electrolyte. 
In this work, a highly stretchable electrolyte was prepared with high conductivity 
and mechanical properties. PVA with a molecular weight of 124,000-186,000 g mol
-
1
 was chosen and the PVA/H3PO4 weight ratio was optimized. The optimized 
electrolyte was then coupled with buckled, stretchable polypyrrole electrodes to form 
an intrinsically stretchable supercapacitor device. The polypyrrole electrode was 
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prepared using a facile electropolymerization method as described in a previous 
report [37]. Such supercapacitor can sustain 1000 stretching cycles with 30% strain 
applied. 
3.2 Experimental 
3.2.1 Preparation of stretchable polymer electrolyte 
Stretchable polymer electrolyte was prepared by a solvent casting method. PVA (1 g) 
was dissolved in Milli-Q water (10 mL) at 90 ℃ under vigorous stirring until the 
solution became clear, then an appropriate amount of H3PO4 was added into the hot 
solution and stirred at room temperature overnight. The viscous solutions were cast 
onto Teflon moulds and dried in a vacuum oven at 40 ℃ for 24 h. The dried films 
were peeled off from the moulds and cut into 30 mm×10 mm specimens for further 
tests. 
3.2.2 Preparation of stretchable polypyrrole electrodes 
Buckled, stretchable polypyrrole electrodes on Au-coated elastomer SIBS substrate 
were prepared using a procedure established previously [37]. Briefly, SIBS substrate 
was prepared by solvent casting from a solution in toluene. A thin Au film of about 
30 nm thickness was sputter coated on pre-strained SIBS substrate using an Edwards 
Auto 306 Sputter Coater, followed by release of the strain to obtain buckled Au 
microfilms. Polypyrrole with dopant of p-toluenesulfonic acid was galvanstatically 
electropolymerized onto the re-elongated conductive substrate from the solution 
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containing 0.10 M pyrrole and 0.10 M p-toluenesulfonic acid in acetonitrile at 0 ℃ 
to a charge density of 0.25 C cm
-2
. The applied current density was 0.25 mA cm
-2
. 
3.2.3 Fabrication of stretchable supercapacitor 
The stretchable supercapacitor was fabricated by assembling the stretchable 
polypyrrole electrodes and stretchable polymer electrolyte in a sandwich 
configuration. Copper wires were attached on the uncovered gold film of the 
stretchable polypyrrole electrodes by silver paste for electrical contact. The H3PO4-
PVA solution was heated to 80 ℃ then the buckled polypyrrole electrodes were 
immersed in this solution for 10 min, followed by leaving the electrodes in a fume 
hood for 4 h to remove most of the water contained. Such two polypyrrole electrodes 
with polymer electrolyte were pressed together face-to-face to form a sandwich 
structure. The whole device was dried at room temperature overnight. The schematic 
configuration of this supercapacitor is presented in Figure 3.1 for easy understanding. 
 
Figure 3.1 Schematic configuration of the intrinsically stretchable 
supercapacitor. 
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3.2.4 Characterization 
The morphology of the buckled polypyrrole electrode was characterized by FE-SEM 
(JEOL JSM-7500FA). The mechanical properties of the stretchable polymer 
electrolyte were investigated using a Shimadzu EZ mechanical tester with 50N load 
cell at a stretching speed of 25% min
-1
, and the gauge length was 20 mm. The 
samples were stretched and released at a speed of 50% s −
1 
for 1000 cycles for 
stretchability test. The ionic conductivity was determined using AC impedance using 
a Gamry EIS 3000™ system in the frequency range of 100 kHz to 1Hz at 30 ℃. For 
this measurement, the sample was sandwiched between two stainless steel plates 
with a testing area of 1.4 cm
2





      (3.1) 
where T is the thickness of the film (cm), R is the bulk resistance (Ω) obtained from 
the first intercept on the x-axis of the impedance data in the complex plane, and A is 
the contact area (cm
2
). The effect of temperature and strain on the electrolyte 
conductivity were investigated between 30 ℃ and 70 ℃, 0% and 100% strain, 
respectively. 
The cross-section of the stretchable supercapacitor was characterized using an 
optical microscope (Leica DM6000). Cyclic voltammetry (CV) of the stretchable 
supercapacitor was conducted from 0 to 0.8V using an electrochemical workstation 
CHI 650D (CH Instruments, USA). Electrochemical impedance spectra (EIS) were 
measured using a Gamry EIS 3000™ system in the frequency range of 100 kHz to 
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0.01 Hz with an AC perturbation of 10 mV at an open circuit potential. Galvanostatic 
charge–discharge tests of the stretchable supercapacitor were performed using a 
battery test system (Neware electronic Co.) between 0 and 0.8 V. Specific 
capacitance (Csp) of the supercapacitor was calculated from the constant current 






      (3.2) 
Where I is the discharge current, dV/dt is the slope of the discharge curve and m is 
the total mass of the polypyrrole films on both electrodes. 
3.3 Results and discussion 
3.3.1 Properties of stretchable polymer electrolyte 
3.3.1.1 Mechanical properties 
PVA with varying molecular weight of 30,000-50,000, 85,000-146,000 and 124,000-
186,000 g mol
-1 
were used to prepare the electrolytes. When the H3PO4/PVA ratio 
was 1:1, it was found that stretchable H3PO4-PVA film could be obtained only with 
high molecular weight PVA (124,000-186,000 g mol
-1
). No films could be formed 
using low molecular weight PVA (30,000-50,000 g mol
-1
). The film obtained from 
the PVA of medium molecular weight (85,000-146,000 g mol
-1
) was very sticky and 
didn’t return to the original dimensions after being stretched and released. H3PO4 is 
known to act as a plasticizer in the PVA matrix. When H3PO4 was added, the free 
volume of PVA increased, the segment in low molecular weight PVA matrix had 
higher mobility than that in PVA with higher molecular weight, resulting in 
68 | P a g e  
 
relatively lower mechanical strength [39]. At this weight ratio, the polymer chains in 
low molecular weight PVA didn’t come into contact with each other, so no stable 
film was formed. When the molecular weight increased, the longer polymer chains 
begun to overlap and entangle with each other, leading to stretchable films [40]. 
The effect of the weight ratio H3PO4/PVA was investigated over the range of 0.5:1, 
1:1, 1.5:1, 2:1 and 3:1. Stretchable films were formed only from the solution with a 
H3PO4/PVA ratio of 1:1 and 1.5:1. The mechanical properties of these two 
stretchable electrolytes are shown in Figure 3.2a, together with that of pure PVA for 
comparison. With the increase of H3PO4 content, the tensile stress and Young’s 
modulus decreased, while the elongation to break was enhanced, indicating that the 
film became softer with increasing H3PO4 content. Pure PVA is partially crystalline 
and consists of crystalline layers of folded chains. The interactions between H3PO4 
and the polymer chain network lead to an increasing portion of amorphous region 
[41]. According to the free volume theory [39], the free volume of PVA increased 
with the increasing content of H3PO4, which enhanced the PVA chain mobility 
leading to the improved elasticity until the H3PO4/PVA ratio of 1.5. When the 
content of H3PO4 continued to rise, the entangled polymer chains started to lose 
entanglement with each other, resulting in unstretchable film (it couldn’t return to 
original dimension when the applied strain was released), and finally no stable film 
was formed. A transparent electrolyte film stretched by 200% is shown in Figure 
3.2b. 
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Figure 3.2 (a) Stress-strain curves of pure PVA and H3PO4-PVA electrolytes at 
a speed of 25% min
-1
. (b) Optical picture of an electrolyte film at 200% strain. 
3.3.1.2 Ionic conductivity 









as the weight ratio of H3PO4/PVA rose from 1.0:1 to 1.5:1, this is attributed to 
the increased number of charge carriers, H
+
 ions from H3PO4 [42]. The H3PO4-PVA 
(1.5:1) polymer electrolyte was selected for further tests due to its higher elasticity 
and conductivity. The conductivity increased as the temperature went up in the range 
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of 30 ℃ to 70 ℃ (Figure 3.3a-b), indicating an Arrhenius type thermally activated 
process. This process can be expressed as: 
 =  0   ( 
  
  
)      (3.3) 
where 0 is the pre-exponential factor and aE is the activation energy required for the 
process. The estimated values of the pre-exponential factor 0  and the activation 
energy aE from the curve are 10.57 and 0.20 eV. Similar results were reported by 
Kufian and coworkers [42].
 
The increase in conductivity with temperature can be 
explained by a hopping mechanism between coordinating sites, local structure 
relaxation and segmental motions of the polymer electrolyte complexes. As 
temperature increases, the polymer chain moves faster in which bond rotation 
produces segmental motion. Accordingly, the ion movements become faster, leading 
to higher conductivity [43]. The conductivity of the stretchable electrolyte under 
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Figure 3.3 (a) Nyquist plots of H3PO4-PVA electrolyte at different temperature. 
(b) Temperature dependence of the conductivity of H3PO4-PVA electrolyte. (c) 
Nyquist plots of H3PO4-PVA electrolyte under different strain at room 
temperature. (d) Ionic conductivity of H3PO4-PVA electrolyte under different 
strain at room temperature. 
3.3.1.3 Plastic deformation 
The electrolyte was then subjected to 1000 strain cycles with 100% elongation 
applied. The accumulation of plastic deformation (defined as the length increase at 
the relaxation state), and the variation in conductivity of the electrolyte film were 
investigated. No plastic deformation was observed for the first 100 cycles, and the 
deformation was only 5% after 1000 cycles (Figure 3.4), indicating that this 
electrolyte is highly stretchable. The conductivity remained constant after such 1000 
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cycles of elongation-relaxation, which was still 3.1×10-3 S cm-1. These results 
clearly demonstrate that this stretchable electrolyte is mechanically robust. 
 
Figure 3.4  Plastic deformation of the H3PO4-PVA electrolyte with stretching 
cycle number at 100% strain. 
3.3.2 Properties of the stretchable supercapacitor 
3.3.2.1 Morphologies 
The PPy electrode exhibited a buckled structure along the elongation direction, and it 
displayed a cauliflower morphology composed of large nodules (Figure 3.5a-c). The 
highly stretchable electrolyte layer formed between two electrodes serves as 
separator and electrolyte, which enables the whole device intrinsically stretchable. 
The thickness of the electrolyte layer was about 100 µm (Figure 3.5d).  
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Figure 3.5  FE-SEM images of buckled polypyrrole electrodes at low (a) and 
high (b, c) magnification. (d) Optical image of the cross-section of the 
stretchable supercapacitor.  
3.3.2.2 Cyclic voltammetry 
The strain applied to test our stretchable supercapacitor was 30%, same as that used 
for polypyrrole electrodes in our previous report [37]. It should be also pointed out 
that the application of this highly stretchable electrolyte is currently limited by our 
stretchable polypyrrole electrodes. Figure 3.6a shows the digital image of the 
supercapacitor fixed on the tensile test machine without and with 30% strain applied. 
The supercapacitor exhibited nearly rectangular CV responses at the relaxation state 
(i.e. no strain applied) at scan rates up to 50 mV s
-1 
(Figure 3.6b), which indicated 
that the charge-discharge processes were highly reversible and kinetically facile. 
When the scan rate reached 100 mV s
-1
, the rectangular CV shape became distorted. 
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This may be attributed to that the inclusion/ejection and diffusion of counter ions 
was slower than the electrons transfer in the PPy matrix at high scan rates [44]. With 
a 30% strain applied, the supercapacitor maintained similar CV responses (Figure 
3.6c), suggesting that this supercapacitor was stretchable. The specific capacitances 
of the supercapacitor at 0% and 30% strain at different scan rates are presented in 
Figure 3.6d for comparison. The specific capacitance decreased with the increase of 
scan rate, this is because at lower scan rates, there is enough time for ions to 
complete the redox process, resulting in higher capacitance. The supercapacitor at 30% 
strain delivered lower capacitance than that without strain, which might be due to the 
decreased electrical conductivity of the buckled polypyrrole electrodes induced by 
the applied strain. 
 
Figure 3.6 (a) Digital images of the supercapacitor without and with 30% strain 
applied. CV curves of the stretchable supercapacitor at different scan rates with 
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0% (b) and 30% (c) strain applied. (d) Specific capacitances of the stretchable 
supercapacitor with 0% and 30% strain as a function of scan rates. 
3.3.2.3 Electrochemical impedance spectroscopy 
Impedance spectroscopy was performed to gain an insight into the electrochemical 
interface properties of the stretchable supercapacitor. The Nyquist plots of the 
stretchable supercapacitor with 0% and 30% strain are shown in Figure 3.7. The 
stretchable supercapacitor with 0% and 30% strain all showed a line close to 90º at 
low frequency, indicating a good capacitive behavior [45]. At high frequency, the 
intercept point on the real axis represents the resistance of the electrolyte and the 
internal resistance of the electrodes, which can be called bulk resistance, and the 
diameter of the compressed semicircle is attributed to charge transfer resistance [46]. 
Both the bulk resistance and charge transfer resistance increased with the applied 
strain, which agrees with the results from CV. The equivalent series resistance (ESR) 
of the stretchable supercapacitor at 0% and 30% strain was 9.9 Ω and 16.5 Ω, 
respectively. Accordingly, the maximum powers that could be delivered were 16.2 
mW and 9.7 mW, respectively. Wearable systems usually contain devices with low-
power requirement. For example, a wireless sensors network showed a sensitivity of 
-60 dBm with a power consumption of 6.3 mW from a 1.8 V supply [47], our device 
can be connected in series to meet this requirement. 
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Figure 3.7 Nyquist plots of the stretchable supercapacitor with 0% and 30% 
strain with frequency ranging from 100 kHz to 0.01 Hz. 
3.3.2.4 Charge-discharge tests 
The charge-discharge curves of the supercapacitor with 0% and 30% strain at a 
current density of 0.5 A g
-1 
are presented in Figure 3.8. The specific capacitance of 
the supercapacitor without strain was 23.2 F g
-1
, and 94.4% of the capacitance was 
retained (21.9 F g
-1
) at a 30% elongation. In the case of a single electrode, its specific 
capacitance without strain was 92.8 F g
-1
. This value was slightly higher than that 84 
F g
-1
 offered from polypyrrole electrodeposited on ITO glass using a H3PO4/PVA 
polymer electrolyte reported by Hashmi et al. [48]. 
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Figure 3.8 Charge-discharge curves of the stretchable supercapacitor with 0% 
and 30% strain at a current density of 0.5 A g
-1
. 
This stretchable supercapacitor was also investigated after being subjected to 30% 
strain for up to 1000 stretching cycles at a stretching speed of 2% s
-1
. A notable IR 
drop was observed after 1000 stretching cycles (Figure 3.9a), which can be ascribed 
to the resistance increase induced by the cracks formed on the buckled polypyrrole 
film after the continuous stretching. This stretchable supercapacitor delivered a 
specific capacitance of 20.6 F g
-1
, 20.0 F g
-1 
and 18.8 F g
-1 
after 100, 500 and 1000 
stretching cycles with 30% strain applied, respectively (Figure 3.9b). It still retained 
about 81.0% of the capacitance after 1000 stretching cycles, suggesting the high 
stretchability of our supercapacitor device. 
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Figure 3.9 (a) Charge-discharge curves of the stretchable supercapacitor before 
and after stretching cycles at a current density of 0.5 A g
-1
. (b) Specific 
capacitances of the stretchable supercapacitor as a function of stretching cycle 
number. 
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3.3.2.5 Cycling stability 
The cycling stability of the stretchable supercapacitor was assessed at a current 
density of 0.5 A g
-1
 for 2000 cycles with 0% and 30% strain applied (Figure 3.10). 
The stretchable supercapacitor retained 83.6% of its initial capacitance at a 0% strain, 
and 74.4% at a 30% strain. The capacitance loss observed can be ascribed to the 
mechanical degradation of polypyrrole electrodes during the volume change 
associated with the doping-dedoping process. It may be improved by producing 
nanostructured polypyrrole films [49, 50] or composing it with carbon based 
materials such as carbon nanotubes, and graphene [51, 52]. 
 
Figure 3.10 Specific capacitances of the stretchable supercapacitor with 0% and 
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3.4 Conclusions 





was successfully prepared using PVA with a molecular weight of 124,000-186,000 g 
mol
-1 
and a weight ratio to H3PO4 of 1:1.5. The electrolyte was stable and displayed 
only 5% plastic deformation after being stretched for 1000 cycles with 100% strain 
applied. The use of this stretchable polymer electrolyte as electrolyte and separator 
allows the fabrication of an intrinsically stretchable supercapacitor with buckled, 
stretchable polypyrrole electrodes. The stretchable supercapacitor exhibited 
comparable performance to that used in traditional flat polypyrrole electrodes. This 
stretchable supercapacitor retained 81% of the initial capacitance even after being 
stretched for 1000 cycles with 30% strain applied. 
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4. Enhanced Stretchability of 
Buckled PPy Electrodes and 
Supercapacitors via a Simple 
Interfacial Roughness Engineering  
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4.1 Introduction 
As described in Chapter 3, PVA-H3PO4 gel electrolyte can sustain a strain larger 
than 400%. The stretchability of the final supercapacitor device (30%) is limited by 
the buckled PPy electrodes. The stretchability of those PPy electrodes needs to be 
improved to meet the demands of a stretchable system that requires higher 
stretchability. The enhanced pre-strain can effectively improve the stretchability 
(>100%) of those mechanically buckled electrodes with free standing active 
materials, such as CNT macrofilms [1-4] or graphene paper [5]. However, it is not 
ideal for those buckled electrodes with active materials deposited on an elastic 
substrate. Jeong et al. prepared a spray coated buckled SWNT electrode on gold 
coated latex using 100% pre-strain [6]. This buckled electrode showed a specific 
capacitance of 100.6 F g
-1
 at 0% strain, and when it was stretched to 100% strain, 
only ~20% of its initial capacity (20.7 F g
-1
) was retained which was caused by the 
formation of cracks on the electrode. Simply enhancing pre-strain cannot achieve 
high stretchability for the buckled electrodes with deposited active materials, other 
strategies are strongly considered as follows. 
In modern flexible electronics, rough polymer substrate was used to enhance the 
flexibility of thin metal films [7]. And recently, this approach was adopted to 
fabricate stretchable metal interconnects [8, 9]. Lambricht and co-workers reported 
that thin gold films on rough PDMS substrates can achieve giant stretchability up to 
100% [8]. The surface roughness was induced by curing PDMS on a HF etched glass 
master.  The roughness formed an inhomogeneous stress distribution within the film 
and avoided the percolation of the cracks, retaining the conductivity of the whole 
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film. By combining the roughness with pre-strain, the stretchability of the gold films 
can be enhanced to 100%. Zheng’s group reported similar results by using natural 
rose petals as mould [9]. The surface of PDMS showed crater-like topographies. The 
sharp ridges of the craters can postpone the propagation of cracks of the conductive 
layers under strain, leading to stable conductivity in large strain deformation. All 
those results prove that surface micro-structures play a significant role in improving 
the stretchability of electrodes on elastic substrates. 
The interfacial micro-roughness can also improve the adhesion between the 
deposited materials and polymer substrate [7, 10-13]. Recently, Lee et al. fabricated 
a highly durable stretchable supercapacitor using CNT electrodes deposited on metal 
coated PDMS with rough surface and ion-gel. The surface roughness was transferred 
from the surface of regular office paper [14].  Using the buckled SWNT electrodes 
fabricated under a pre-strain of 60%, the assembled stretchable supercapacitor 
showed no obvious performance fade under a strain of 20%. 96.6% of capacitance 
was preserved after 3000 stretching cycles. The micro-roughness enhanced the 
adhesion and prevented delamination during the repeated stretching cycles.  
In this work, the interfacial roughness is also involved to improve the stretchability 
of the buckled PPy electrodes and resultant supercapacitors. Sandpaper was used as 
the template to produce rough PDMS elastic substrate as the roughness can be 
adjusted easily using sandpapers with different grit sizes. Metal layer and PPy were 
deposited on the pre-stretched rough PDMS successively to produce a buckled 
electrode. The fabricated stretchable supercapacitor showed superior performance 
under stretching than that built on smooth elastic substrate. 
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4.2  Experimental 
4.2.1 Preparation of PDMS with rough surface 
PDMS base and curing agent were dissolved in hexane at a weight ratio of 10:1. 
Sandpapers with 5 different grit sizes (P180, P240, P400, P800 and P1200) were 
used as the templates to generate roughness on the surface of the PDMS films 
(Figure 4.1). The sandpapers were cut into the desired shape to cover the inner wall 
and bottom of a glass petri dish.  The PDMS solution was poured into the petri dish 
and left in the fume hood overnight to evaporate the solvent, followed by curing the 
mixtures at 110 ºC for 2 h. The cured PDMS was peeled off and the structure was 
imprinted from sandpaper to PDMS. Since the non-cured oligomers can affect the 
metal adhesion on PDMS [8], they were removed by extraction in hexane for 72 h. 
After extraction, PDMS was dried in a fume hood overnight. PDMS with rough 
surface is denoted as R-PDMS. 
 
Figure 4.1 Schematic illustration of the fabrication process of R-PDMS, 
including pouring PDMS solution into a sandpaper covered glass petri dish; 
curing and peeling off. 
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4.2.2 Metal sputter coating 
The surface tension of PDMS is rather low, so the adhesion between PDMS and Au 
is quite weak [15]. O2 plasma treatment can be used to activate the surface of PDMS 
[16]. The R-PDMS films (rough side) were treated with oxygen plasma for 2 min in 
a plasma cleaner at high energy level and a chamber pressure of ~1000 mTorr. 
However, the adhesion of Au film on plasma treated PDMS is still not strong 
because of low affinity [8]. Usually a thin adhesion metal layer such as Cr [8] or Ti 
[17] is introduced to improve the adhesion of Au on PDMS. In this work, A 10 nm 
Ti adhesion layer and a 50 nm Au layer were deposited on the rough side of R-
PDMS successively using an Edwards Auto 360 sputter coater. This dual metal 
coated R-PDMS is coded as Au/Ti/R-PDMS. 
4.2.3 Preparation of stretchable PPy electrodes 
The stretchable PPy electrodes on Au/Ti/R-PDMS were prepared using the similar 
procedure as described in Chapter 3. Briefly, a 10 nm Ti interlayer and a 50 nm Au 
layer were sputter coated on the pre-strained R-PDMS (50%), followed by release of 
the strain to obtain buckled Au film. Polypyrrole with dopant of p-toluenesulfonic 
acid was galvanstatically electropolymerized on the re-elongated Au/Ti/R-PDMS 
(50%) from the solution containing 0.10 M pyrrole and 0.10 M p-toluenesulfonic 
acid in acetonitrile at 0 ℃  at a current density of 0.25 mA cm-2. The charge 
consumed was 0.25 C cm
-2
. When the pre-strain was released, buckled PPy electrode 
was formed spontaneously. 
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4.2.4 Fabrication of stretchable supercapacitor 
The stretchable supercapacitor was fabricated with two buckled PPy electrodes and 
stretchable PVA-H3PO4 gel electrolyte in a sandwich configuration as described in 
Chapter 3 with slight modification. The PVA-H3PO4 solution was heated to 80 ℃, 
and then it was cast onto the PPy electrode surface (0.5 mL for an area of 3 cm
2
). 
The gel electrolyte coated PPy electrodes were left under ambient condition 
overnight for water evaporation. A thin layer of electrolyte was cast on one 
electrolyte-coated PPy electrode as adhesion layer, and then it was pressed onto 
another electrolyte-coated PPy electrode face to face to form the supercapacitor. The 
whole device was dried in a fume hood overnight.  
4.2.5 Characterization 
Surface morphologies of all samples were observed using a FE-SEM (JEOL JSM-
7500FA). The optical images of the Au-coated R-PDMS at different strains were 
captured by an optical microscope (Leica M205A). The in-situ resistance changes of 
Au/Ti/R-PDMS and buckled PPy electrode were recorded by a digital multimeter 
(Agilent 34410A) while the strain was supplied by a Shimadzu EZ mechanical tester 
at a speed of 0.167% s
-1
. The cyclic stretching-releasing test of buckled Au/Ti/R-
PDMS was performed at a speed of 5% s
-1
, and the cyclic stretching-releasing test of 
the supercapacitor device was conducted at a speed of 2% s
-1
. 
Cyclic voltammetry (CV) of buckled PPy electrode under different strains was 
conducted in the range of -1 to 0.5 V using an electrochemical workstation CHI 
650D (CH Instruments, USA) in a three-electrode system with 1.0 M NaCl as 
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electrolyte, where buckled PPy electrode, stainless steel mesh and Ag/AgCl were 
used as working, counter and reference electrode, respectively. CV of the stretchable 
supercapacitor device was conducted between 0 and 0.8 V. Electrochemical 
impedance spectra (EIS) were measured using a Gamry EIS 3000™ system in the 
frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV at an open 
circuit potential. Galvanostatic charge–discharge tests of the stretchable 
supercapacitor were performed using a battery test system (Neware electronic Co.) 
between 0 and 0.8 V. 
4.3  Results and discussion 
4.3.1 Properties of Au/Ti/R-PDMS 
4.3.1.1 Surface morphologies of sandpaper and R-PDMS 
In our daily life, sandpaper is generally used to polish the surface of the materials to 
make them smoother or rougher. It is manufactured by gluing abrasive materials on 
one side of sheets of paper or cloth. Sandpaper is classified by its grit size. The larger 
the grit size, the smaller the abrasive particles, the smoother the sandpaper.  The grit 
size of sandpaper used in this work corresponds to the European FEPA (Federation 
of European Producers of Abrasives) “P” grade.  Taking sandpaper P180 for 
example, the grits show an average size of ~80 µm. And it can also be noticed that 
there are gaps between the grits (Figure 4.2a). The PDMS precursor filled the gaps 
between the grits. After curing, the surface structure from the sandpaper was 
imprinted onto PDMS successfully. The surface of R-PDMS showed an inverted 
structure to that of sandpaper (Figure 4.2b). Micro-valleys imprinted from the grits 
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surrounded by a network of protruded micro-ridges can be observed after curing. 
Smaller holes and ridges can be obtained while higher grade sandpapers were used 
(Figure 4.2c-f).  
 
Figure 4.2 SEM images of a sandpaper P180 (a) and R-PDMS imprinted from 
sandpaper with graded of P180 (b), P240 (c), P400 (d), P800 (e), and P1200 (f). 
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4.3.1.2 Stretchability of the Au/Ti/R-PDMS 
The electrical resistance of Au/Ti/R-PDMS under strain was tested for its application 
as a stretchable conductor, with Au/Ti deposited on a smooth PDMS for comparison. 
The normalized resistances of the samples under strains are shown in Figure 4.3. 
When the PDMS film was flat, the electrical failure occurred at a very small 
deformation of about 3%. Nevertheless, the Au/Ti tracks on R-PDMS films retained 
conductivity up to much higher strains. The best durability was achieved by the R-
PDMS imprinted from P400. It can be noticed that its electrical resistance rose 
slowly between 0% and 25% strain (R/R0 increased from 1 to 2), followed by a rapid 
increase until losing its conductivity at ~43% strain.  
 
Figure 4.3 Normalized resistance-strain curves of Au/Ti on different PDMS 
substrates. 
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For the Au/Ti film on flat PDMS, once the cracks were nucleated, they traversed the 
entire width of Au/Ti film rapidly, leading to the blocked pathway of electrical 
currents. It lost conductivity very quickly. Large numbers of long cracks 
perpendicular to the direction of strain can be seen clearly by the naked eye (Figure 
4.4a). On the contrary, only small and short cracks were initiated on Au/Ti layer 
deposited on R-PDMS (P400) below 5% deformation (Figure 4.4b). Xu et al. 
reported that the roughness generated an inhomogeneous stress distribution on the 
metal layer, and the stress in the valleys was the largest while on top of the ridges 
was the lowest [7]. So under stretching, small cracks formed quickly in such valley 
area under small deformation, and those small cracks cannot cross the ridges because 
the stress was the lowest there. Increasing the strain, new cracks were initiated and 
the existing ones grew, however, the density of those cracks was not high enough to 
reach the percolation limit (Figure 4.4c and d), so the Au/Ti film still remained 
conductive. When the strain was too large (> 40%), the cracks extended across the 
ridges on the surface, leading to large and long cracks propagating the entire Au/Ti 
film (Figure 4.4e and f). The Au/Ti film lost its conductivity finally.  
Hamasha et al. reported that the electrical resistance increased with the crack size 
[18]. It can explain why Au/Ti on R-PDMS P180, P240, P800 and P1200 showed 
larger resistance changes at the same strain compared to that from P400. R-PDMS 
imprinted from sandpaper P180 and P240 showed larger valleys compared to P400, 
bigger cracks were initiated in those larger valleys, resulting in higher resistance 
changes under the same strains. Further reducing the surface roughness (P800, 
P1200) reduced the inhomogeneous stress distribution. Although this can result in 
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smaller cracks, those cracks can cross the small ridges easily to interact with others 
to form big cracks, also leading to higher resistance changes. 
 
Figure 4.4 Optical images of Au/Ti on flat PDMS at 5% strain (a), and on R-
PDMS (P400) at a strain of 5% (b), 10% (c), 20% (d), 40% (e) and 50% (f). 
Arrows indicate the applied strain direction. 
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4.3.1.3 Effect of pre-stretching 
Mechanical buckling endows thin metal film with stretchability on an elastic 
substrate [19]. Au/Ti was sputter coated on R-PDMS with a pre-strain of 50% which 
is the same as that used in Chapter 3. A buckled structure was formed spontaneously 
as the strain was released. Besides buckles, cracks can also be found along the strain 
direction (Figure 4.5a). When the R-PDMS was stretched for sputter coating, the 
width of the PDMS substrate reduced because of the Poisson effect. Once the strain 
was released, the width of the PDMS substrate returned to its original size, stretching 
the Au layer. Lots of small cracks were generated after this releasing process. As 
described earlier, the surface roughness caused inhomogeneous stress distribution 
within the metal layer, so when the strain was released, buckles with different 
wavenumbers of several micrometers can be found (Figure 4.5b).  
The stretchability of the Au/Ti/R-PDMS (P400) can be further enhanced by 
introducing the pre-stretching strategy. As shown in Figure 4.5c, during stretching, 
the electrical resistance of the buckled Au layer on R-PDMS kept relatively stable 
within ~20% change until the deformation reached the pre-strain (50%). As the 
deformation continued to rise, the resistance changes followed the similar way 
discussed in Figure 4.3.  Beyond a strain of ~70%, the resistance started to increase 
drastically. After 1000 cycles of stretching-relaxation test with a maximum strain of 
50%, the resistance increased by ~6%. All these results revealed that the buckled 
Au/Ti coated R-PDMS is an ideal candidate for use as a stretchable conductor. In the 
following part, it will be used as a stretchable current collector to deposit PPy to 
fabricate a solid-state supercapacitor device.  
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Figure 4.5 SEM images of a buckled Au coated R-PDMS (P400) at low (a) and 
high (b) magnification. Arrows indicate the strain direction. (c) Normalized 
resistance-strain curve of buckled Au coated R-PDMS (P400). (d) Normalized 
resistance of buckled Au coated R-PDMS (P400) during 1000 cycles of 
stretching-relaxation test with a maximum strain of 50%. 
4.3.2 Properties of buckled PPy electrodes 
4.3.2.1 Surface morphologies 
PPy was electrodeposited on the re-elongated buckled Au/Ti/R-PDMS. It can be 
found that there were also cracks forming on the PPy film (Figure 4.6a), however, 
the density of the cracks was lower than that on buckled Au/Ti film on R-PDMS. 
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When the buckled Au film was re-elongated, the width of Au film was compressed 
to form trivial buckles. PPy deposited on such substrate can inherit these micro-
structures [20]. Upon releasing the pre-strain, major buckles formed perpendicular to 
the strain direction, and the stretching along the width direction was diminished 
through the accommodation of those trivial buckles, resulting in lower density cracks. 
The major buckles exhibited a wavelength of ~5-10 µm (Figure 4.6b). PPy film 
displayed a typical cauliflower morphology composed of large nodules (Figure 4.6c 
and d) [21, 22]. 
 
Figure 4.6 SEM images of a buckled PPy film on Au/Ti/R-PDMS at low (a) and 
high (b-d) magnification. Arrows indicate the cracks on PPy film. 
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4.3.2.2 Stretchability test 
As shown in Figure 4.7, the normalized resistance of buckled PPy electrode on R-
PDMS increased slightly below the strain of ~60%, and then it underwent a steep 
increase beyond this strain. This strain was lower than that of buckled Au film on R-
PDMS (~70%). This phenomenon also appeared in buckled electrodes on flat 
substrate, which was caused by the influence induced by the deposit layers. However, 
this strain was larger than that on flat substrate (~30%) [20], which means that the 
stretchability of the buckled PPy electrode was enhanced successfully through the 
interfacial roughness.  
 
Figure 4.7  Normalized resistance-strain curve of buckled PPy film on Au/Ti/R-
PDMS. 
In order to find the maximum strain at which the buckled PPy electrodes can still 
show stable electrochemical performance, the CV tests were carried out on buckled 
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PPy electrode in 1.0 M NaCl aqueous solution in a three-electrode system at a scan 
rate of 50 mV s
-1
. The CV curves were well maintained when the strain reached 50%, 
oxidation peaks at around -0.1 V and reduction peaks at around -0.8 V were found. 
When increasing the applied strain to 60%, the CV curve became distorted. So a 
maximum strain of 50% was chosen for the following tests for stretchable 
supercapacitor devices. 
 
Figure 4.8  CV curves of buckled PPy electrode at different strains at 50 mV s
-1
. 
4.3.3 Electrochemical performance of the stretchable supercapacitor 
4.3.3.1 Cyclic voltammetry 
The maximum strain applied to test our stretchable supercapacitor was set at 50% as 
described in section 4.3.2.2. The digital image of the supercapacitor fixed on the 
tensile test machine without and with 50% strain applied is shown in Figure 4.9a. 
The supercapacitor exhibited nearly rectangular CV responses without strain at the 
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scan rates up to 100 mV s
-1 
(Figure 4.9b), which indicated that the charge-discharge 
processes were highly reversible and kinetically facile. Comparing with the CV 
curves in Figure 4.8, no redox peaks for PPy can be seen. This is caused by the 
testing cell configurations used. The device can be regarded as a two-electrode 
system. Charge transfer across the working electrode in a two-electrode system is 
different from a three-electrode configuration. In a three-electrode system, the 
potential applied to the working electrode is the value shown on the CV curve and is 
against the reference electrode, and the current is measured between the working 
electrode and counter electrode, which is only the cathodic or anodic current at the 
working electrode with stable counter electrode. In a two-electrode cell, the potential 
differences applied to each electrode are equal to each other, and are half of the 
values shown on the CV curve. During the test, the redox reaction occurs also at the 
counter electrode. The counter electrode is reduced while the working electrode is 
oxidised, and vice versa. The current measured is the total of cathodic and anodic 
current from two electrodes, so it is difficult to record the redox peaks from a single 
PPy electrode [23, 24]. With a 30% or 50% strain applied, the supercapacitor 
maintained similar CV responses (Figure 4.9c and d), reflecting the high 
stretchability of the supercapacitor device. 
The specific capacitances of the supercapacitor at 0%, 30% and 50% strain at 
different scan rates are presented in Figure 4.9e for comparison. The specific 
capacitance decreased with the increase of scan rate, which is caused by the 
insufficient redox reaction rate at high scan rate as described in Chapter 3. The 
supercapacitor at a 30% or 50% stain delivered a lower capacitance than that without 
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strain, which might be due to the increased electrical resistance of the buckled PPy 
electrodes induced by the applied strain.  
 
Figure 4.9 (a) Digital images of the supercapacitor without and with 50% strain 
applied. CV curves of the stretchable supercapacitor at different scan rates with 
an applied strain of 0% (b), 30% (c) and 50% (d). (e) Specific capacitances of 
the stretchable supercapacitor with 0%, 30% and 50% strain as a function of 
scan rates. 
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4.3.3.2 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy was performed to investigate the 
electrochemical interface properties of the stretchable supercapacitor. The Nyquist 
plots of the stretchable supercapacitor with 0%, 30% and 50% strain are presented in 
Figure 4.10. The stretchable supercapacitor with 0%, 30% and 50% strain all showed 
a line close to 90º at low frequency, indicating a good capacitive behavior [25]. At 
high frequency, the intercept point on the real axis represents the equivalent series 
resistance (ESR) of the stretchable supercapacitor. The ESR at 0%, 30% and 50% 
strain was 9.0 Ω, 10.5 Ω and 20.5 Ω, respectively. The ESR increased by 17% as the 
device was stretched by 30%. This value was lower than that of the device fabricated 
on flat elastic substrate as described in Chapter 3 (67%). The ESR under stretching 
was greatly reduced through the electrode interfacial roughness. 
 
Figure 4.10 Nyquist plots of the stretchable supercapacitor at 0%, 30% and 50% 
strain over the frequency ranging from 100 kHz to 0.01 Hz. 
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4.3.3.3 Charge-discharge tests 
The charge-discharge curves of the supercapacitor with 0%, 30% and 50% strain at a 
current density of 0.5 A g
-1 
are shown in Figure 4.11. The specific capacitance of the 
device without strain was 25.6 F g
-1
. In the case of a single electrode, its specific 
capacitance was 102.4 F g
-1
. This value was slightly higher than that 92.8 F g
-1
 
originated from buckled PPy electrodes on flat substrate. The rough surface exposed 
more area of PPy film to electrolyte, leading to a higher capacitance. 95% of the 
capacitance was retained (24.4 F g
-1
) at 30% strain. At a strain of 50%, the retained 
capacity reduced to 93% (23.8 F g
-1
).   
 
Figure 4.11 Charge-discharge curves of the stretchable supercapacitor with 0%, 
30% and 50% strain applied at a current density of 0.5 A g
-1
. 
This stretchable supercapacitor device was also evaluated after being subjected to 50% 
strain for up to 1000 stretching cycles at a stretching speed of 2% s
-1
. Even after 
1000 stretching cycles, the charge-discharge curve of the device still showed a nearly 
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symmetrical triangular shape, no notable IR drop was observed. In contrast, the 
supercapacitor device fabricated in Chapter 3 showed an obvious IR drop after 1000 
stretching cycles with a 30% strain applied, where the IR drop can mainly be 
ascribed to the resistance increase induced by the cracks formed on the buckled 
polypyrrole film after the continuous stretching. In this work, the formation of cracks 
induced by continuous stretching was successfully reduced. This stretchable 
supercapacitor delivered a specific capacitance of 25.0 F g
-1
, 23.8 F g
-1 
and 22.5 F g
-1 
after 100, 500 and 1000 stretching cycles with a 50% strain applied, respectively. 
88.0% of the initial capacitance was retained after such 1000 stretching cycles, 
suggesting the high stretchability of the supercapacitor device.  
 
Figure 4.12  Charge-discharge curves of the stretchable supercapacitor after 
different stretching cycles at a current density of 0.5 A g
-1
. 
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4.3.3.4 Cycling stability 
The cycling stability of the stretchable supercapacitor was investigated at a current 
density of 0.5 A g
-1
 for 2000 cycles with 0% and 50% strain applied (Figure 4.13). 
The stretchable supercapacitor retained 71% of its initial capacitance with 0% strain, 
and 63% with 50% strain. The capacitance loss observed can be ascribed to the 
mechanical degradation of PPy electrodes during the volume change associated with 
the doping-dedoping process.  
 
Figure 4.13 Capacitance retentions of the stretchable supercapacitors with 0% 




4.4  Conclusions 
The stretchability of buckled PPy electrodes and the resultant supercapacitor are 
greatly enhanced via a simple electrode interfacial roughness strategy. This 
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stretchable supercapacitor retained 88% of the initial capacitance even after being 
stretched for 1000 cycles at a large applied strain of 50%. The buckled PPy electrode 
with interfacial roughness imprinted from sandpapers showed higher strain tolerance 
than that fabricated on smooth elastic substrate. The roughness generated an 
inhomogeneous stress distribution on the layers deposited on PDMS, preventing 
percolation of cracks, leading to higher durability. The fabrication of the elastic 
substrate, rough PDMS, is facile and easy to scale up. No complicated patterning 
lithography methods are needed. It can find broad applications in stretchable 
conductors and devices. 
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5. rGO and PPy/rGO Coated 
Stretchable Fabric Electrodes for 
Textile Supercapacitor Application 
 
 
This chapter is adapted from the article, “Reduced Graphene Oxide and 
Polypyrrole/Reduced Graphene Oxide Composite Coated Stretchable Fabric 
Electrodes for Supercapacitor Application”, by Chen Zhao, Kewei Shu, Caiyun 
Wang, Sanjeev Gambhir and Gordon G. Wallace, that was published in 
Electrochimica Acta (2015, 172, 12-19). Adapted with permission from Elsevier. 
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5.1 Introduction 
Different from the solid-state supercapacitors which can be attached onto the 
garments surface as power sources for wearable electronics, textile based 
supercapacitors have attracted significant attention for smart garments due to their 
ability to be built on pre-existing textile structures [1]. Self-powered garments can be 
created by combining them with textile piezoelectrics [2] or thermoelectrics [3] to 
capture energy from human body movement or heat respectively.  
These structures are expected to accommodate a deformation of 3% to 55% 
associated with the body movement [4]. There exists three main strategies to develop 
textile supercapacitors [5]: using coated textiles as electrodes [1, 6-14], fibres or 
yarns integrated into non-woven [15] or woven [16] textiles as electrodes, and fibre 
supercapacitors woven into textiles [17-22]. Among these approaches, coating the 
pre-existing textile structures with active materials is a facile and cost-effective 
technique [1]. This chapter describes the application of PPy in textile supercapacitors. 
Recently, diverse carbonaceous materials, such as SWNTs [6, 8], activated carbon [1, 
10] and graphene [7, 9, 14] have proven to be useful in fabricating coated textile 
electrodes. Conducting polymers, such as PPy [11-13], have also been used to 
produce textile based electrodes. SWNTs coated textile electrodes could sustain a 
120% strain without obvious capacitance fade [6]. A stretchable supercapacitor 
assembled with activated carbon coated textile electrodes exhibited a ~30% 
capacitance loss with 50% strain applied [10]. And the chemically or 
electrochemically synthesized PPy/fabric electrodes even showed improved 
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performance while being stretched [11, 12]. For large-scale applications, cost 
reduction of SWNTs is still required [7], and poor cycling stability of PPy should 
also be improved. 
Graphene is a promising alternative to construct textile electrodes, as it can be 
produced from inexpensive graphite at a large-scale via cost-effective chemical 
methods. Recently, graphene based textile electrodes demonstrated high capacitance 
and flexibility [7, 9, 14]. Solution processed graphene coated textiles delivered a 
specific capacitance of ~63 F g
-1
 [7]. A high specific capacitance of 326.8 F g
-1
 was 
achieved by a thermally annealed graphene coated cotton cloth [9]. Graphene coated 
electrospun polyamide-66 nanofabrics exhibited a specific capacitance of 280 F g
-1
 
[14]. However, the stretchability of those textile electrodes was not discussed.  
In this work, a stretchable conductive fabric electrode was prepared using GO as a 
dyestuff and nylon lycra fabric as the substrate. A facile dyeing approach followed 
by a mild chemical reduction was employed. An additional coating of redox-active 
and highly conducive PPy film will further enhance the performance of this fabric 
electrode. PPy can be integrated with graphene nanosheets through the π-π stacking 
interaction between the rGO sheet and the conjugated backbones of PPy [23, 24]. 
Currently reported PPy/rGO composites are either in powder or sheet form, they 
can’t be stretched. Here, PPy was chemically polymerized onto the conductive rGO 
coated fabric to achieve a stretchable PPy/rGO/fabric composite electrode. rGO 
sheets play the role of stabilizer for PPy, improving the poor cycling stability of PPy 
as described in our previous work [11]. The electrochemical properties of these 
fabric electrodes under strain were investigated.  
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5.2 Experimental 
The fabrication process of fabric electrode is shown in Figure 5.1. It started with 
dyeing the fabric with GO, followed by reduction of GO in L-Ascorbic acid solution. 
Finally, PPy was chemically polymerized on rGO coated fabric.      
 
Figure 5.1  Schematic fabrication process of stretchable fabric electrode. 
5.2.1 Preparation of rGO coated fabric 
Graphite oxide was synthesized from graphite flakes using the modified Hummers’ 
method [25, 26]. Graphite oxide was exfoliated to graphene oxide using a Branson 
Digital Sonifier (S450D, 30% amplitude, 2 s on and 1 s off) for 30 min, forming a 
stable suspension with a concentration of 3 mg mL
-1
. The nylon lycra fabric was 
treated with an aqueous solution of scouring agent and sodium hydroxide for 1h, 
followed by rinsing with abundant water. After drying, it was treated with plasma to 
increase the wettability prior to the dyeing process. 
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The fabric (1×3 cm
2
) was immersed into a GO suspension for 30 min at room 
temperature and then dried at 60 ºC for 30 min. This process was repeated to 
increase the GO uptake. The reduction of GO coated fabric was performed by 
immersing into 60 mL of 0.1 M L-ascorbic acid solution (95 ºC) for 60 min with 
constant stirring. Such dyed fabric was washed with abundant water and finally dried 
at 60 ºC under vacuum overnight. The resultant fabric is denoted as rGO-fabric. 
5.2.2 Preparation of PPy modified rGO-fabric 
PPy was chemically polymerized onto the rGO-fabric according to our previous 
report with minor modification [11]. Briefly, rGO-fabric (1×3 cm
2
) was immersed in 
a 20 mL aqueous solution containing Py and Na2NDS. 5 mL ethanol was added to 
improve the wettability of rGO-fabric. The solution was kept stirring in an ice bath 
for 30 min, followed by the addition of 5 mL pre-cooled APS solution drop-wise to 
initiate polymerization. The reaction was performed in an ice-bath for 2.0 h. The 
concentration of Py, APS and Na2NDS was 0.02 M, 0.02 M and 0.009 M, 
respectively. The coated fabric was washed with abundant water, followed by 
sonication in water for 30 min to remove the loosely bound PPy. Finally, the fabric 
was dried at 40 ºC under vacuum overnight. The obtained fabric composite is coded 
as PPy-rGO-fabric. 
5.2.3 Characterization 
Physicochemical properties: XRD patterns were recorded by a powder X-ray 
diffraction system (GBC MMA, Cu Kα radiation, λ= 0.15418 nm). Raman spectra 
were obtained using a confocal Raman spectroscope (Jobin Yvon HR800, Horiba) 
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utilizing 632.8 nm diode lasers. GO was drop-casted on the substrate (quartz for 
XRD and glass slide for Raman) and dried for the characterization. The morphology 
of the fabric electrodes was characterized by FE-SEM (JEOL JSM-7500FA). The 
surface resistivity of the fabric electrode was measured according to the American 
Association of Textile Chemists and Colourists Test Method 76-1995 [27]: two 
rectangular copper electrodes were placed on the sample and the surface resistivity 
(  ) was given by: 
  =   
 
 
     (5.1) 
Where    is the surface resistivity (Ω sq
-1
), R is the surface resistance (Ω) measured 
by the multimeter, L is the length of the copper electrode and D is the separation 
distance between the copper electrodes. 
Tensile-strain tests of the fabric electrode were conducted on a Shimadzu EZ 
mechanical tester with a 20 mm gauge length and a 5.5 mm width at a speed of 
1.67% s
-1
. The in-situ resistance changes of the electrode were measured by an 
Agilent 34410A digital multimeter during the stretching process at a speed of 
0.167% s
-1
. The cyclic stretching-releasing test was performed at a speed of 5% s
-1
. 
Electrochemical properties: A symmetric supercapacitor device was assembled to 
test the electrochemical properties of the fabric electrodes. Two pieces of fabric 
electrodes (1×3 cm
2
) attached to two pieces of nickel foam were separated with a 
filter paper to form a sandwich structure. 1.0 M Li2SO4 aqueous solution was the 
electrolyte. 
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Cyclic voltammetry (CV) was conducted over the range of 0 to 0.8 V using a CHI 
650D electrochemical workstation (CH Instruments, USA). The specific capacitance 




     (5.2) 
Where A is the area of the CV loop, s (V s
-1
) is the scan rate, m (g) is the rGO 
loading on a single electrode, and ΔV is the voltage window. Electrochemical 
impedance spectra (EIS) were measured using a Gamry EIS 3000™ system over the 
frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV at open 
circuit potential. Galvanostatic charge–discharge tests were performed using a 
battery test system (Neware electronic Co., China) between 0 and 0.8 V. 
5.3 Results and discussion 
5.3.1 Properties of GO 
XRD and Raman spectra were utilized to characterize the structure of GO used in 
this work. GO showed a strong and sharp diffraction peak at 10.8º in its XRD pattern 
(Figure 5.2a), corresponding to an interlayer spacing of ~0.8 nm. It is much larger 
than that of graphite (~0.34 nm) due to the introduction of hydroxyl, epoxy, carboxyl 
and carbonyl groups on the basal planes and edges of GO sheets [29]. Those oxygen-
containing groups enabled GO to be readily dispersed in water. Moreover, these 
functional groups can form hydrogen bonding with the amide group of nylon, 
allowing the attachment of GO sheets to the nylon fibres during the dyeing process 
[14]. 
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In the Raman spectrum of graphite (Figure 5.2b), the band at 1334 cm
-1
 (D band) 
was caused by the disorders in the graphite edges, and the G band at 1583 cm
-1
 can 
be attributed to the first order scattering of the E2g mode of hexagonal carbon lattice. 
For GO, the D band increased in intensity, which can be attributed to the reduced 
size of in-plane sp
2
 domains caused by the oxidation [30]. The G band was 
broadened and shifted to a higher frequency (1595 cm
-1
). This shift may be due to 
the presence of double bonds [31]. 
 
Figure 5.2 XRD patterns (a) and Raman spectra (b) of GO and graphite. 
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5.3.2 Properties of rGO-fabric 
5.3.2.1 Morphologies 
Buglione et al. have reported that the methods used to reduce GO have a dramatic 
influence upon the capacitance, and that thermally reduced GO exhibited the highest 
values [32]. However, thermal reduction is limited in this work because of the low 
stability of fabric at high temperature. Chemical reduction can be realized at a 
relatively low temperature. L-Ascorbic acid (L-AA) can reduce GO under mild 
conditions and the oxidized products are eco-friendly [33, 34]. Clear colour changes 
were observed in the digital images of the original fabric, fabric coated with GO and 
after reduction with L-AA (Figure 5.3a-c). The colour changed from dark brown to 
black after reduction, and this is associated with the restoration of the electronic 
conjugation. The textile treatment procedure described in the experimental section 
resulted in a uniform and adherent coating of GO. The raw fabric showed an 
intertwining structure (Figure 5.3d) with bundles of smooth fibres (Figure 5.3e). 
After dyeing and reduction, rGO coated not only on the surface of the fibres but also 
filled the interstitial spaces (Figure 5.3 f and g). rGO displayed a wrinkled surface 
morphology (Figure 5.3g). 
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Figure 5.3 Digital images of raw fabric (a), GO coated fabric (b) and rGO 
coated fabric (c). SEM images of raw fabric (d, e) and rGO coated fabric (f, g). 
5.3.2.2 Raman spectra 
Raman spectra were obtained to characterize the chemical structure transformation 
of the fabric composites, as shown in Figure 5.4. The spectrum of the raw fabric 
displayed characteristic peaks assigned to nylon. The peak at 1440 cm
-1
 represented 











 and 2898 cm
-1
 were assigned to C-C stretching, amide Ⅲ group, 
CH2 twisting, amide Ⅰgroup and symmetric C-H stretching, respectively [35]. The 
GO coated fabric exhibited two prominent broad peaks: D band at 1330 cm
-1
 and G 
band at 1590 cm
-1
, confirming the successful coating of GO on the nylon fibres. The 
intensity ratio of D and G band (ID/IG) increased after chemical reduction (from 1.31 
to 1.60), which can be ascribed to the decrease in the average size of the sp
2
 domains 
associated with the reduction of GO. As new graphitic domains were created upon 
reduction, their sizes were smaller than the ones in GO, but the quantity increased 
[30]. The background peaks of the fabric were weakened after reduction treatment, 
which may be explained by that rGO sheets stacked more densely on the fibres after 
the removal of oxygenated functional groups. 
 
Figure 5.4 Raman spectra of the raw fabric (a), GO coated fabric (b) and rGO 
coated fabric (c). 
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5.3.2.3 Surface resistivity 
The repeated dyeing process resulted in an increased loading amount of rGO on the 
fabric (Figure 5.5). The rGO-fabric was electrically conductive, and the level 
increased with the number of dyeing cycles. This can be ascribed to the improved 
orientation and rGO sheet-to-sheet connection on the fabric surface. After 25 dyeing 
cycles, a surface resistivity of 240 Ω sq
-1
 was obtained with an rGO loading of 2.3 
mg cm
-2
. The surface resistivity did not change noticeably after being subjected to 
further dyeing cycles, so the rGO-fabric with 25 dyeing cycles was chosen for the 
following tests.  
 
Figure 5.5 rGO loading and surface resistivity changes of the fabric as a 
function of dyeing cycles. 
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5.3.2.4 Tensile tests 
The tensile tests results of the fabric composites are shown in Figure 5.6. The tensile 
test of rGO-fabric gave a force-strain plot which exhibited a higher slope compared 
with the uncoated fabric, which means a higher force was required for rGO-fabric to 
be stretched to the same strain. The elongation at break of rGO-fabric was lower than 
that of uncoated fabric. A higher force required and lower elongation at break can be 
ascribed to the decrease in the inter-fibre sliding and increased stiffness induced by 
the rGO coating [36]. 
 
Figure 5.6  Tensile tests of raw fabric and rGO-fabric. 
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5.3.2.5 Stretchability tests 
The electrical resistance of rGO-fabric was evaluated with a strain of up to 200% 
(Figure 5.7a). The electrode retains conductivity even at a 200% elongation. At 
strains lower than 50%, the resistance decreased with the increased strain. When the 
strain was beyond 50%, the resistance increased as the strain increased. Generally, 
the fabric consisted of continuous yarns which were intertwined into loops. The 
individual fibres in those yarns can be abstracted into single helical coiled springs 
[37]. The strain applied to the fabric was accommodated by the shape change of the 
coiled structure rather than the deformation of rGO coating. No cracks can be found 
on the rGO coating when a 50% strain was applied to the fabric (Figure 5.7b). Those 
fibres inside the fabric were straightened firstly under strain, resulting in more 
efficient contact between the rGO coated fibres leading to an enhancement in 
conductivity. An increase in resistance occurred at larger strains is due to the loss of 
percolation of the rGO sheets on the fibres. 
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Figure 5.7 (a) Normalized resistance of rGO-fabric with strain applied (Inset, 
rGO-fabric at relaxation and 50% strain). (b) SEM image of rGO-fabric at 50% 
strain at high magnification.  
A maximum strain of 50% was applied for the cyclic elongation-relaxation test to 
avoid the irreversible deformation induced with large strains. The normalized 
resistance decreased when it was stretched, and increased during the relaxation 
process (Figure 5.8). However, it was found to be irreversibly increased after 1000 
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stretching cycles at a 50% strain, from 240 Ω sq
-1
 to 1000 Ω sq
-1
. The fabric 
electrode demonstrated a plastic deformation of 10%. 
 
Figure 5.8  Normalized resistance changes of rGO-fabric under cyclic strain of 
50% (first 5 cycles). 
5.3.2.6 Electrochemical properties 
The electrochemical properties of the rGO-fabric were tested in 1.0 M Li2SO4 
aqueous solution in a two-electrode configuration. Li2SO4 was chosen as the 
electrolyte since carbon materials can achieve higher capacitance in this electrolyte 
because of the slow H3O
+
 ion sorption [38]. The supercapacitors, composed of rGO-
fabric without or with 50% strain, all showed nearly rectangular CV curves even at a 
high scan rate of 100 mV s
-1
 (Figure 5.9a and b), indicating fast ion diffusions in the 
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electrodes. It delivered a specific capacitance of 12.3, 10.9, 9.5, 7.8 and 6.6 F g
-1
 at a 
scan rate of 5, 10, 20, 50 and 100 mV s
-1
, respectively. At a 50% strain, the 
corresponding capacitances increased to 15.5, 14.3, 12.7, 10.4 and 9.2 F g
-1
, 
respectively (Figure 5.9c). The rGO-fabric showed higher capacitance at a 50% 
strain, which is consistent with the PPy coated nylon-lycra fabric [11]. This 
improvement might be due to the easy accessibility of ions at the electrode-
electrolyte interface and the increased electrical conductivity of rGO-fabric induced 
by the applied strain. 
In EIS characterization, the supercapacitors with fabric electrodes at 0% and 50% 
strain all exhibited a compressed semicircle in the high frequency region and a 
straight line in the low frequency region in the Nyquist plots (Figure 5.9d). At high 
frequency, the intercept point on the real axis represents the resistance of the 
electrolyte, the internal resistance of the electrodes and the contact resistance of the 
active materials and current collectors: equivalent series resistance (ESR). Our 
system exhibited a very small ESR of approximately 0.75 Ω and 0.55 Ω at 0% and 
50% strain, respectively. The diameter of the compressed semicircle in the high 
frequency region affords the charge-transfer resistance in the system, which 
decreased with increasing strain. This result is consistent with the CV testing. 
The charge-discharge profiles of the supercapacitors at a current density of 0.1 A g
-1
 
are presented in Figure 5.9e. The duration of one full charge-discharge cycle became 
longer with the 50% strain applied (from 39 s to 56 s), indicating an increased 
capacitance. This result is consistent with those obtained from CV tests. The rGO-
fabric delivered a specific capacitance of 10 F g
-1
 at this current density, and it 
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increased to 13.5 F g
-1
 with a 50% strain applied. The cycling stability of the 
supercapacitors were assessed at 0.1 A g
-1
 for 2000 cycles. The rGO-fabric at a 50% 
strain also exhibited improved cycling stability (Figure 5.9f). The capacitance 
retention was 89%, compared to that 76% at 0% strain. 
 
Figure 5.9 CV curves of the supercapacitors composed of rGO-fabric at 0% (a) 
and 50% (b) strain. (c) Specific capacitances of the rGO-fabric at 0% and 50% 
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strain. (d) Nyquist plots, (e) charge-discharge profiles and (f) capacitance 
retention of the supercapacitors composed of rGO-fabric at 0% and 50% strain. 
It is also noticed that the specific capacitance of the rGO-fabric was not high. The 
low capacitance can be ascribed to the limited accessible surface area due to the 
restacking of rGO nanosheets. However, its high conductivity and stretchability 
allow it to be a promising stretchable conductive substrate for the deposition of 
pseudocapacitive materials, such as conducting polymers, to further improve its 
electrochemical properties. In this work, PPy was chosen as the pseudocapacitive 
material to prove the concept. 
5.3.3 Properties of PPy-rGO-fabric 
5.3.3.1 Physicochemical properties 
It can be seen clearly that after chemical polymerization, PPy was formed on the 
surface of the rGO coated fibres (Figure 5.10a). The PPy layer was composed of PPy 
nodules in different sizes (Figure 5.10b). With 50% strain applied, there were no 
cracks forming on the PPy coating (Figure 5.10c). The existence of PPy is also 
evidenced from the Raman spectrum (Figure 5.10d). The peaks at 925, 990 and 1047 
cm
-1
 were assigned to the C-H out of plane deformation, pyrrole ring deformation 
and C-H in plane deformation, respectively. Two strong peaks at 1328 and 1565 cm
-1
 
represented the ring stretching and C-C backbone stretching, respectively [39]. These 
two peaks were overlapped with the D band and G band of rGO. 
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Figure 5.10  SEM images of PPy-rGO-fabric at low (a) and high (b) 
magnification. (c) SEM image of PPy-rGO-fabric at 50% strain. (d) Raman 
spectrum of PPy-rGO-fabric and rGO-fabric. 
5.3.3.2 Demonstration of application 
After PPy deposition, the surface resistivity of the fabric electrode decreased to 180 
Ω sq
-1
. That is because that the PPy nanoparticles reduced the contact resistance of 
the rGO coated fibres. The PPy-rGO-fabric is conductive enough and can be used 
directly as a stretchable textile conductor. As shown in Figure 5.11, a red LED can 
be lighted up in a circuit containing a strip of PPy-rGO-fabric with strain up to 200%. 
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Figure 5.11 Optical images of a red LED illuminated by using a strip of PPy-
rGO-fabric as the connecting wire with (a) 0%, (b) 50%, (c) 100% and (d) 200% 
strain applied using a 9 V battery. 
5.3.3.3 Electrochemical properties 
Although it has been reported that the capacitance of PPy can be affected by the 
electrolyte [40], to keep consistency with rGO-fabric and calculate the capacitance 
contribution of PPy properly, the same electrolyte, 1.0 M Li2SO4 aqueous solution, 
was employed for the PPy-rGO-fabric electrode. The CV curves of the 
supercapacitors composed of PPy-rGO-fabric without and with 50% strain retained a 
rectangular shape at scan rates up to 50 mV s
-1
. When the scan rate reached 100 mV 
s
-1
, the CV curves became distorted (Figure 5.12a and b). This can be attributed to 
129 | P a g e  
 
the electron transfer in the PPy matrix being faster than the entering/ejection and 
diffusion of counter-ions at high scan rates [41, 42]. The PPy-rGO-fabric delivered a 
specific capacitance of 114, 103, 96, 78, and 46 F g
-1
 without strain at a scan rate of 
5, 10, 20, 50, and 100 mV s
-1
, respectively (based on the total mass of rGO and PPy) 
(Figure 5.12c). The specific capacitance was remarkably enhanced due to the 
additional pseudocapacitance originating from PPy. With a 50% strain applied, the 
corresponding specific capacitance was slightly increased to 125, 112, 99, 81, and 47 
F g
-1
, respectively.  
In order to evaluate the capacitive contribution from PPy, its specific capacitance 
was calculated. It was found that PPy delivered a specific capacitance of 198, 179, 
167, 136 and 79 F g
-1
 (based on the amount of PPy) over the above scan rates range 
investigated (Figure 5.12d). This specific capacitance is higher than that delivered 
from PPy (123.3 F g
-1
 at 10 mV s
-1
) which was chemically polymerized directly on 
the nylon lycra fabric (PPy-fabric) [11]. Moreover, a capacitance loss of 56% was 
observed for this fabric electrode as the scan rate increased from 10 to 100 mV s
-1
, 
which is lower than 68% for the PPy-fabric. The rGO sheets act as current collectors 
and formed a conductive network under the PPy layer, facilitating electron transfer 




130 | P a g e  
 
 
Figure 5.12 CV curves of the supercapacitors composed of PPy-rGO-fabric at 0% 
(a) and 50% (b) strain. (c) Specific capacitances of PPy-rGO-fabric at 0% and 
50% strain. (d) Specific capacitance originating from PPy deposited on rGO-
fabric and raw fabric. 
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At a current density of 0.5 A g
-1
, it delivered a specific capacitance of 93 F g
-1
, and it 
increased slightly to 100 F g
-1
 with 50% strain applied (Figure 5.13a). The cycling 
stability of the supercapacitors was evaluated at 0.5 A g
-1
 for 1000 cycles. The PPy-
rGO-fabric also showed an improved cycling stability with 50% strain applied 
(Figure 5.13b). 79% of capacitance was preserved for the fabric electrode with 50% 
strain, compared to that of 74% without strain applied. This can be explained by the 
improved conductivity with strain as described in the rGO-fabric section. This 
capacitance retention was inferior to that of the rGO-fabric. This can be due to the 
mechanical degradation of the PPy layer during the doping-dedoping process. 
However, it demonstrated an improved cycling stability compared with PPy-fabric. A 
capacitance retention of 76% was observed after 500 cycles, in sharp contrast to that 
of only 12.5% for PPy-fabric [11]. Here, PPy nanoparticles were tightly connected to 
the rGO sheets due to the π-π stacking interaction between the rGO sheet and the 
conjugated backbones of PPy [24]. The rGO sheets acted as frameworks to stabilize 
PPy, limiting swelling and shrinking of the PPy coating during cycling. The 
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Figure 5.13 (a) Charge-discharge curves and (b) capacitance retention of 
supercapacitors composed of PPy-rGO-fabric at 0% and 50% strain at a 
current density of 0.5 A g
-1
. 
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5.4 Conclusions 
In conclusion, a stretchable and conductive rGO coated fabric electrode was 
prepared via a facile dyeing approach. The rGO coated fabric had a surface 
resistivity of 240 Ω sq
-1
 and could sustain its conductivity with strain up to 200%. 
This conductive electrode exhibited a low specific capacitance of 12.3 F g
-1
 at a scan 
rate of 5 mV s
-1
 in 1.0 M Li2SO4. However, it can be used as a stretchable conductive 
substrate for pseudocapacitive materials deposition. The specific capacitance 
increased significantly to 114 F g
-1
 at 5 mV s
-1
 with a PPy coating on this rGO-fabric 
via chemical polymerization. The rGO sheets formed a conductive network under the 
PPy layer, facilitating electron transfer between PPy and rGO, leading to a high 
capacitance contribution of 198 F g
-1
 originated from PPy. Furthermore, PPy 
attached on the rGO sheet tightly through π-π stacking interaction, swelling and 
shrinking caused by doping-dedoping was accommodated by the rGO sheets 
network, resulting in an improved cycling stability.  
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This chapter is adapted from the article, “3D Braided Yarns to Create 
Electrochemical Cells”, by Chen Zhao, Syamak Farajikhah, Caiyun Wang, Javad 
Foroughi, Xiaoteng Jia and Gordon G. Wallace, that was published in 
Electrochemistry Communications (2015, 61, 27-31). Adapted with permission from 
Elsevier. 
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6.1 Introduction 
Compared to the textile supercapacitors which are built on pre-existing textile 
structures, flexible 1D yarn supercapacitors have attracted significant attention due 
to the ability to weave or knit them into fabrics, or stitch into existing textiles [1]. In 
this chapter, a yarn supercapacitor fabricated using braiding technology is 
demonstrated. 
Long lengths fibre electrodes are necessary to fabricate yarn supercapacitors. Such 
fibre electrodes may be formed on thin metal wires [2-4], or metal coated plastic 
wires [5]. Alternatively carbon fibres [6], reduced graphene oxide (rGO) fibres [7], 
carbon nanotube (CNT) fibres [8], or composites containing them have been used [9-
15]. Several device architectures have been developed for yarn supercapacitors. 
These include two parallel fibres, two-ply yarns and coaxial yarns [16]. In the first 
two types, two fibre electrodes and a separator or solid polymer electrolyte are fixed 
in parallel or twisted. And in the third type, the core electrode, separator or solid 
polymer electrolyte and outer electrode are assembled layer by layer. These yarn 
supercapacitors have yielded double-layer capacitances in the range of 0.01-6.30 mF 
cm
-1
, and pseudo-capacitance values up to 263 mF cm
-1
[15]. 
Yarns are generally made by twisting or grouping fibres together. For large-scale 
production of yarn supercapacitors, simply twisting or grouping two fibre electrodes 
will cause direct contact of the electrodes. Wrapping fibre electrodes with separator 
membranes [14] or winding with insulated wires [2] solves this short circuit 
problem, but limits large-scale manufacturing. 
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Braiding is a process that involves intertwining three or more sets of yarns over and 
under each other [17]. Two or more fibres can be braided into one yarn without 
contacting each other. In this chapter, braiding technology is introduced to enable 
production of yarn supercapacitors. Stainless steel (SS) wires and polyester fibres are 
braided into one yarn, and the SS wires play the role of current collectors. The SS 
wires in the yarn are fixed and separated by the insulated polyester fibres, so no 
additional separators are needed. Continuous production is possible. Metres can be 
produced in a couple of hours. To illustrate the use of this approach to create devices, 
polypyrrole (PPy) was electrodeposited onto the SS wires to produce active 
electrodes. The fabricated yarn supercapacitors showed good flexibility for 
application in wearable electronics.  
6.2 Experimental 
6.2.1 Fabrication of yarn supercapacitor 
3D yarns were braided from polyester and nylon/SS fibres using a Trenz-Export 
braiding machine (Figure 6.1). The nylon fibres were removed using formic acid 
after braiding. Electrodeposition of PPy was achieved at constant current (0.05 and 
0.1 mA cm
-1
 for yarns with 2 and 4 SS wires, respectively) for 60 min using an 
aqueous solution containing 0.1 M pyrrole and 0.1 M sodium p-toluenesulfonate. 
During the deposition process, all the SS wires in the yarn were connected together. 
The samples (length of 4 cm) were rinsed with water and dried in a fume hood 
overnight.  Then the yarn samples were sealed in a transparent plastic tube injected 
with 1.0 M Li2SO4 aqueous solution to test capacitor performance. The quasi-solid 
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state supercapacitor was fabricated using poly(vinyl alcohol) (PVA)/H3PO4 gel 
electrolyte prepared as described previously [18, 19]. 
 
Figure 6.1  Schematic illustration of the 3D braiding process. (a) Polyester fibre 
and SS wire bobbins, (b) braiding head, (c) as-prepared braid yarn, and (d) 
amplified view of the braid yarn. 
6.2.2 Characterization 
The morphology of SS electrodes extracted from the yarn were characterized by FE-
SEM (JEOL JSM-7500FA). Cyclic voltammetry (CV) was performed over the range 
of 0 to 0.8 V using a CHI 650D electrochemical workstation (CH Instruments, USA). 
Electrochemical impedance spectra (EIS) were measured using a Gamry EIS 3000™ 
system over the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 
10 mV at open circuit potential. Galvanostatic charge–discharge tests were 
performed using a battery test system (Neware electronic Co., China) between 0 and 
0.8 V. The cyclic bending test of the yarn supercapacitor was carried out using a 
Shimadzu EZ mechanical tester. 
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6.3 Results and discussion 
6.3.1 3D braided yarns 
Two SS wires formed a double helix structure in the yarn using the braiding 
technology (Figure 6.1). The 3D braided yarns can be produced continuously 
without limitation in length. Figure 6.2a shows 60 cm long as prepared yarns. The 
SS wires in the yarn were fixed by the polyester fibres with a separation of ~2 mm to 
avoid direct contact (Figure 6.2b). Electrodeposition of PPy on the SS wires (Figure 
6.2c) was readily achieved using constant current condition. SEM image confirmed a 
coherent PPy film with a cauliflower morphology composed of large nodules (Figure 
6.2d) as previously described [18, 19].  
 
Figure 6.2 (a) A 60 cm long braided yarn; (b) Optical picture of the braided 
yarn. SEM images of the SS wires before (c) and after (d) PPy deposition. 
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6.3.2 Electrochemical properties of yarn supercapacitor 
6.3.2.1 Cyclic voltammetry 
The CV curves of the yarn supercapacitor retained a nearly rectangular shape at scan 
rates up to 50 mV s
-1
, as shown in Figure 6.3a. As the scan rate reached 100 mV s
-1
, 
the CV curve became distorted. At high scan rate, the entering/ejection and diffusion 
of counter-ions in the PPy matrix cannot adequately accompany the electron transfer. 
This is a characteristic phenomenon in PPy based supercapacitor system as described 
in Chapters 3, 4 and 5. Consequently, the length specific capacitance of the yarn 
supercapacitor decreased with an increase in scan rate as presented in Figure 6.3b. 
The length specific capacitances were calculated to be 0.78 to 1.71 mF cm
-1
. This 
value exceeded that of the reported yarn supercapacitors based on pen ink/nickel 
wire (0.504 mF cm
-1
) [2], Chinese ink/SS wire (0.1 mF cm
-1
) [3], rGO/Au wire (0.01 
mF cm
-1
) [4], MnO2/ZnO nanowire (0.2 mF cm
-1
) [5], rGO fibre (0.02 mF cm
-1
) [7], 
CNT/PEDOT fibre (0.47 mF cm
-1
) [9], CNT fibre (0.018 mF cm
-1
) [10], 
CNT/graphene fibre (0.027 mF cm
-1
) [11], MnO2/rGO fibre (0.143 mF cm
-1
) [12], 
and CNT sheet (0.029 mF cm
-1
) [20]. 




Figure 6.3 (a) CV curves; and (b) length-specific capacitance of the yarn 
supercapacitor at different scan rates. 
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6.3.2.2 Charge-discharge tests 
The charge-discharge curves of the yarn supercapacitor at different current densities 
ranging from 5 to 50 µA cm
-1
 are presented in Figure 6.4a. The curves showed a 
nearly symmetrical triangular shape, indicative of good capacitor behaviour. The 
corresponding length specific capacitance values were calculated from the charge-
discharge curves (Figure 6.4b). It delivered a length specific capacitance of 1.79 mF 
cm
-1
 at a current density of 5 µA cm
-1
. Even at the current density of 50 µA cm
-1
, the 
length specific capacitance was still as high as 1.25 mF cm
-1
. The deteriorated 
capacitance at high current density is due to the insufficient redox process inside the 
PPy film. This result is consistent with that of CV tests. 
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Figure 6.4 (a) Charge-discharge curves; and (b) length-specific capacitance of 
the yarn supercapacitor at different current densities. 
6.3.2.3 Electrochemical Impedance Spectra 
The electrochemical performance of the yarn supercapacitor was further investigated 
by EIS, and the Nyquist plot of the yarn supercapacitor is shown in Figure 6.5. A 
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semicircle in the high frequency region and a straight line in the low frequency 
region were obtained. The x-intercept of the Nyquist plot represents the equivalent 
series resistance (ESR) for the device [21]. The ESR of our yarn supercapacitor was 
measured to be ~11 Ω cm
-1
, and it mainly arises from the resistance of the electrolyte, 
SS wire, PPy film as well as the contact resistance between SS wire and PPy. The 
carbon nanotube or graphene fibre based supercapacitors always showed ESR 
around several kΩ [20, 22], and such high ESR will limit their application to meet 
high power requirements. The highly conductive SS wires are chosen as current 
collectors in this work so that the charge can be transported more efficiently along 
the whole length of supercapacitors. The use of cheap SS wires also enables the large 
scale production of long length supercapacitors. The straight line at low frequencies 
indicates capacitive behaviour [23]. 
 
Figure 6.5  Nyquist plot of the yarn supercapacitor over the frequency ranging 
from 100 kHz to 0.01 Hz. 
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6.3.2.4 Cycling stability 
The cycling stability of the yarn supercapacitor was tested at a current density of 20 
µA cm
-1
. After 1000 cycles, 30% of the initial capacitance was retained (Figure 6.6). 
The poor cycling performance is the main drawback of conducting polymers as SC 
electrode materials. PPy film swells and shrinks during the charge-discharge cycles, 
resulting in mechanical degradation [24]. However, the preserved performance 
(~0.48 mF cm
-1
) is still comparable to the carbon materials based fibre-shaped 
supercapacitors as described in the first paragraph of this section. 
 
Figure 6.6  Capacitance retention of the yarn supercapacitor.  
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6.3.2.5 Bending tests 
For wearable application, the yarn supercapacitor should possess excellent flexibility 
and maintain electrochemical performance under bending. CV tests were conducted 
at 5 mV s
-1
 while the yarn supercapacitor was held at different bending angles 
(Figure 6.7a). The shapes of the CV curves only changed slightly up to 180
o bending 
(Figure 6.7b), reflecting that the yarn supercapacitor is highly flexible. The 
capacitance decreased by 13% as the device was bent from 0 to 180
o
 (Figure 6.7c). 
 
Figure 6.7 (a) Optical images of yarn supercapacitor at different bending angles, 
(b) CV curves, and (c) capacitance retention of the yarn supercapacitor at 
different bending angles. 
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Furthermore, the yarn supercapacitor was subjected to repeated bending-relaxation 
(0- 90
o
) for up to 1000 cycles. The CV tests were also performed at 5 mV s
-1
 after the 
yarn supercapacitor was subjected to these bending cycles. The yarn supercapacitor 
still kept its function (Figure 6.8a) and only suffered a 25% loss. All these results 
indicate that the yarn supercapacitor is highly robust. 
 
Figure 6.8 (a) CV curves, and (b) capacitance retention of the yarn 
supercapacitor after being subjected to different bending cycles. 
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6.3.2.6 Energy enhancement by integration 
Our single yarn supercapacitor shows good electrochemical performance, which 
makes it promising for integration with other micro-electronic devices. However, the 
energy of a single yarn supercapacitor may not meet the requirement of those micro-
devices. The common approach is to connect two yarn supercapacitors or more in 
parallel. However, it will greatly increase the device dimension and challenge ways 
of packaging the device. With braiding technology, we can enhance the energy 
storage in the same yarn by simply incorporating more fibre electrodes. As a proof of 
concept, 4 SS wires were braided into one yarn. After PPy deposition, two SS wires 
were connected as the positive electrode and the other two as the negative electrode. 
This configuration equals to two single yarn supercapacitors connected in parallel 
(Figure 6.9a). The output current doubled within the same voltage window as shown 
in the CV curves (Figure 6.9b). The charge or discharge time was more than two 
times that of the 2-wire device at the same applied current density (Figure 6.9c), 
since half of the total current is applied to each single device. In keeping with the 
previous results of the capacitances at different current densities, the capacitance 
increased with the decreasing current density. 
 




Figure 6.9 (a) Circuit simulations of the yarn supercapacitors. (b) CV curves 
and (c) charge-discharge curves of the yarn supercapacitors with 2 and 4 fibre 
electrodes at 20 µA cm
-1 
in 1.0 M Li2SO4 aqueous electrolyte. 
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6.3.2.7 Electrochemical performance in gel electrolyte 
The use of gel or polymer electrolyte can minimize electrolyte leakage, which is 
highly desirable for the development of wearable yarn supercapacitors. Thus, we 
also tried to use PVA/H3PO4 gel electrolyte to fabricate a quasi-solid state 
supercapacitor. As shown in Figure 6.10a, the CV curves became more distorted at 
high scan rates compared with that in liquid electrolyte, which can be ascribed to the 
lower conductivity of the gel electrolyte. Nevertheless, the quasi-solid state 





, Figure 6.10b). It also showed good flexibility with ~10% of capacity decay 
as it was bent from 0º to 180º (Figure 6.10c and d). 
 
Figure 6.10 (a) CV curves and (b) length specific capacitance of the yarn 
supercapacitor at different scan rates in PVA/H3PO4 gel electrolyte. (c) CV 
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curves and (d) capacitance retention of the yarn supercapacitor under different 
bending angles at 5 mV s
-1
 in PVA/H3PO4 gel electrolyte. 
6.4 Conclusions 
Braiding technology was introduced to arrange two fibre electrodes for fabrication of 
a yarn supercapacitor without a separator. PPy was electrodeposited as the 
electroactive material. The fabricated yarn supercapacitor delivers a length specific 
capacitance of 1.71 mF cm
-1
 at 5 mV s
-1
, and 1.79 mF cm
-1
 at 5 µA cm
-1
 in 1.0 M 
Li2SO4 aqueous solution. It can be bent to 180
o with a 13% loss in capacitance and 
retained 75% of its initial capacitance after 1000 cycles of bending-relaxation at 90
o
. 
Gel electrolyte was employed to fabricate a quasi-solid-state supercapacitor, and the 
device also showed excellent flexibility. Unlike other yarn supercapacitors which 
need to be connected in parallel to increase the output energy, the braiding 
technology can embed more fibre electrodes into one single yarn to meet the 
requirement. This strategy provides a new direction for large-scale manufacturing of 
yarn supercapacitors. 
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7. Conclusions and outlook 
7.1 Conclusions 
This thesis is focused on developing conducting polymer based wearable 
supercapacitors, including stretchable solid-state supercapacitor, textile 
supercapacitor, and yarn supercapacitor. PPy is mainly investigated in this study due 
to its outstanding flexibility, high conductivity, ease of fabrication, and high specific 
capacitance. 
This work started with the preparation of a highly stretchable polymer electrolyte. 





prepared using PVA (Mw = 124,000-186,000 g mol
-1
) and H3PO4 at a weight ratio of 
1:1.5. The electrolyte film displayed only 5% plastic deformation after being 
stretched for 1000 cycles with 100% strain applied. The usage of this stretchable 
polymer electrolyte as electrolyte and separator enables the fabrication of an 
intrinsically stretchable solid-state supercapacitor with buckled, stretchable 
polypyrrole electrodes. The stretchable supercapacitor retained 94.4% of its initial 
capacitance with 30% strain applied. Even after being stretched for 1000 cycles with 
30% strain applied, this stretchable supercapacitor still showed a capacitance 
retention of 81%. 
In the following work, the stretchability of buckled PPy electrodes based 
supercapacitor was further enhanced by creating highly stretchable electrodes 
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through interfacial roughness strategy. The buckled PPy electrode formed on an 
elastic substrate with roughness imprinted from sandpapers showed higher strain 
tolerance than that integrated with a smooth elastic substrate. The roughness 
generated an inhomogeneous stress distribution, preventing percolation of cracks, 
leading to higher durability. The stretchable supercapacitor with these electrodes 
retained 93% of the capacitance at a 50% strain. It retained 88% of the initial 
capacitance even after being stretched for 1000 cycles at a large strain of 50%.  
Following the fabrication of solid-state supercapacitors, a stretchable fabric electrode 
was prepared and its application for supercapacitor was investigated. A stretchable 
and conductive rGO coated fabric electrode was prepared via a facile dyeing 
approach. It could sustain its conductivity with strain up to 200%, and it was used as 
a stretchable conductive substrate for pseudocapacitive materials deposition. The 
specific capacitance increased significantly from 12.3 to 114 F g
-1
 at 5 mV s
-1
 with a 
PPy coating on this rGO-fabric via chemical polymerization. The rGO sheets formed 
a conductive network under the PPy layer, facilitating electron transfer between PPy 
and rGO. Furthermore, PPy was attached on the rGO sheet tightly through π-π 
stacking interaction. The swelling and shrinking caused by doping-dedoping was 
accommodated by the rGO sheets network, resulting in an improved cycling stability. 
Finally, a yarn supercapacitor was fabricated using a braiding technology. Stainless 
steel wires were braided with polyester fibres. The stainless steel wires in the yarn 
were fixed by the polyester fibres without contact, so no additional separator was 
needed. PPy was electrodeposited as the electroactive material. The fabricated yarn 
supercapacitor delivers a length specific capacitance of 1.71 mF cm
-1
 at 5 mV s
-1
, 
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and 1.79 mF cm
-1
 at 5 µA cm
-1
 in 1.0 M Li2SO4 aqueous solution. It showed good 
flexibility with 13% loss in capacitance when being bent to 180
o
. Gel electrolyte was 
employed to fabricate a quasi-solid-state supercapacitor, and the device also showed 
excellent flexibility. Unlike other yarn supercapacitors which need to be connected 
in parallel to increase the output energy, the braiding technology can embed more 
fibre electrodes in the same yarn to meet the requirement.  
In summary, this research has achieved preliminary results showing the potential of 
PPy as electrode material for wearable supercapacitors. Stretchable/bendable 
supercapacitor devices were fabricated successfully using these PPy based electrodes. 
These devices all showed acceptable stretchability and flexibility for application as a 
power source for wearable electronics. All these preliminary results would provide 
useful information for designing suitable power sources for wearable electronics. 
7.2 Outlook 
This thesis successfully uses PPy as active materials to fabricate wearable 
supercapacitors. It still needs further improvement for practical applications. The 
electrochemical/mechanical properties of the electrodes, ionic conductivity/potential 
window of the electrolyte, and device configuration need to be further improved. For 
textile supercapacitors, light weight textile current collectors and polymer electrolyte 
should be employed. Braiding parameters can be optimized to obtain a high energy 
device. 
 About the stretchable solid-state supercapacitors 
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The exploration of electrode materials with high performance should be pursued. 
CNT macrofilm based stretchable electrode only showed a specific capacitance of 
~50 F g
-1
. Although stretchable PPy electrode developed in this work exhibited a 
high specific capacitance of ~100 F g
-1
, the cycling stability is not ideal.  In order to 
fabricate a high performance stretchable supercapacitor, composite electrode 
materials should be considered. CNT macrofilm is an ideal platform to deposit other 
redox materials. CPs deposited on CNT film should show improved cycling. The 
formation of nanostructured CPs is also a promising way to produce high 
performance electrodes as it shows better electrochemical performance and stability.  
However, the deposited CPs will affect the conductivity and mechanical 
performance of the final composite film. The composition of the material should be 
balanced to achieve high energy, high power electrodes with high stretchability.  
Asymmetric device configuration should be taken into account since it can achieve 
higher device voltage, resulting in higher energy. Another way to increase the device 
voltage is to explore stretchable electrolytes with wide potential windows. The 
polymer electrolyte developed in this work showed high stretchability, but the 
voltage window is limited to 1.0 V. Ionic liquid based ion gel, or organic salts based 
stretchable polymer electrolyte with larger voltage windows (e.g. 3 V) with suitable 
mechanical properties deserve further investigation. 
 About the textile supercapacitor 
To achieve a full textile supercapacitor, a textile current collector cannot be absent. 
Carbon fibres show good conductivity and high tensile strength, which is ideal to be 
knitted or woven into textile current collectors to replace the heavy metal ones. 
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Active materials can be deposited directly onto such current collectors. Polymer 
electrolyte is essential to fabricate a solid-state textile supercapacitor, and a 
technology that can seamlessly integrate the textile supercapacitors with garment 
structures should also be developed.  
 About the yarn supercapacitor 
Braiding has shown its potential for fabricating yarn supercapacitors in this work. 
The distance between two electrodes, the helical patterns can be optimized to 
fabricate a device with higher length specific capacitance. Stretchable fibre 
electrodes can be employed to achieve a stretchable device. For practical application, 
a continuous fabrication procedure, including fibre electrode preparation, braiding, 
electrolyte filling, and packaging, should be developed.  
Apart from PPy, other pseudocapacitive materials including conducting polymers 
(i.e. PEDOT, PANI) or metal oxides such as MnO2 can also be simply deposited 
onto the metal wires. High performance carbon based fibres, such as CNT fibres, 
graphene fibres, or their composite fibres would be suitable for direct use as 
electrodes or current collectors in this technology. The creation of asymmetric yarn 
supercapacitors will improve the energy output. 
PPy is a unique material, which is not only electroactive but also light sensitive. It 
has strong near-infrared (NIR) light absorption spectrum and can convert NIR light 
to thermal heat. The NIR irradiation can trigger electrical response of PPy due to the 
thermal excitation effect. The buckled stretchable PPy electrodes can be connected 
with stretchable supercapacitor to form an integrated stretchable NIR detection 
system. Furthermore, the textile electrodes developed in this work are strain sensitive 
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because of the resistance changes caused by the electrical contact changes induced 
by stretching, it can be connected to a textile supercapacitor to achieve an integrated 
wearable strain sensing system to monitor the human body movements. 
